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AeSTRAcT
Alzheimer's disease (AD) is a late onset neurodegenerative disorder, affecting tens of
thousands of people in New Zealand, as well as their families and caregivers. AD is
characterised by extra cellular p-amyloid (pA) deposition, Tau-containing neurofibrillary

tangles (NFIs) and progressive cortical atrophy. Abnormal protein accumulation is also

a common feature of other late onset neurodegenerative diseases, including the heritable

polyglutamine (polyQ) disorders such as Huntington disease (HD) and the

spinocerebellar ataxias (SCAs). One of this family of disorders, SCAI7, is caused by an

expansion of a polymorphic polyQ repeat in TATA binding protein (TBP), an essEntial

transcription factor. Surprisingly, the wild type TBP repeat length ranges from25-42, and,

in Caucasian populations the most cornmon allele is 38, a size large enough to cause HD

if within the huntingtin protein. Wild type length TBP accumulates in the disease

structures of HD and in at least some of the SCAs. The work described in this thesis

investigates the hypothesis that the TATA binding protein (TBP) contributes to AD.

This thesis describes the discovery that TBP accumulates in AD brain, localising to

NFTs. Also, a proportion of the detectable TBP present is insoluble; a signature of the

polyQ diseases. TBP positive structures are shown to be presant differentially between

patients and its amount and distribution is not directly proportional to that of Tau or p-

amyloid positive structures. To investigate if the polyQ repeat length in TBP is associated

with AD, alleles were genotlped from two large case/contol cohorts. In one cohort, but

not the other, older patients carried longer TBP polyQ repeats than controls, and the

effect was enhanced when subjects homozygous for the ApoE4 allele were removed from

the dataset. Evidence is presented that transcriptional activation by HMGBI, a chromatin

associated protein that binds to the polyQ hact within TBP, is altered when co-expressed

with TBP carrying 90 glutamines. Taken together this data provides evidence for the

hypothesis that the accumulation or misfolding of this polyQ containing protein may be a

contributing factor in Alzheimer's disease.
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Chapter One - Intfpdu4lpn

GNNPTER OruC

lurnoDUcnoN

The work described in this thesis is an investigation into the hlpothesis that the TATA

binding protein (TBP) contributes to Alzheimer's disease. The hypothesis is based on the

observation that several of the late onset human neurodegenerative diseases share certain

features that suggest a common mechanism. The deposition of protein structures within

affected brain regions, due to an altered tertiary conformation, is a defining characteristic.

The presence of autosomal dominant mutations within genes associated with these

misfolded proteins has highlighted their importance in some of these diseases.

This chapter begins by inhoducing the group of late onset degenerative diseases of

human brain that are characterized by protein misfolding. Alzheimer's disease and the

polyglutamine diseases are then discussed further in section 1.3 and 1.4 respectively.

Spinocerebellar ataxia 17 and TBP are introduced in section 1.5 and 1.6, followed by a

description of the aims of this thesis.
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Chapter One - Introduction

1.1 PnoTEIN MIsFoLDING IN NEURoDEGENERATIvE

DISEASE

A common feature of late onset human neurodegenerative diseases is the accumulation of
aberrantly folded proteins. The stnrctures these proteins form often contain insoluble

protein, are resistant to proteolytic degradation and are generally found in regions of the

brain that control features reflected in the symptoms of the disease. A summary of the

protein misfolding diseases of the human brain relevant to this thesis follows.

1.1.1 Alzheimer's disease

Alzheimer's disease (AD) is the most common form of dementia, and is characteri zdby
two protein structures within effected brain regions, extracellular plaques and

intraneuronal neurofibrillary tangles. The composition of these strucfures was originally
difficult to characterize due to their insoluble nature, however during the 1980s the major
components of plaques and tangles were identified; a cleavage product of the amyloid
precursor protein, p-amyloid (Glenner 1984b, Masters 1985), and a pronase resistant

form of the microtubule associated protein Tau (Tau) (Wischik 1988) respectively. It is
presumed that tangles form within viable neurons, ultimately filling available
intraneuronal space including neurites, and at post mortem "ghost" tangles can be seen,

where only the tangle remains. Plaques can be diffuse or neuritic, the diffuse form may

occur in elderly non-demented brains, while the AD characteristic neuritic plaque

contains not only accumulated B-amyloid, but also dystrophic end terminals or dendrites

from neurofibrillary-filled neurons. AD is generally thought to be a sporadic disease;

single simple mutations cause less than l0o/o of cases. The identified mutations result in
the increased deposition of the p-amyloid protein which suggest that processes leading to
plaque development are key to the disease mechanism (Hardy 1996). Mutations in the

coding region of the Tau gene (see next section) have not been associated with AD,
reviewed in (Schraen-Maschke 2004). AD will be discussed in greater detail later in this
chapter (section 1.2).
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Chapter One - Introduction

1.1.2 Tauopathies

Tau pathology (or Tauopathy) is seen within many human neurodegenerative diseases,

and typically consists of neurofibrillary degeneration represented by neurofibrillary

tangles, neuropil threads and dystophic neurites. These sbuctures contain abnormally

folded Tau protein that is thought to aggregate as a result of abnormal phosphorylation or
alternate splicing. Apart from AD, tau pathology is seen in the frontotemporal demantias,

which include frontotemporal dementia with parkinsonism linked to chromosome 17

(FIDP-17), progressive supranuclear palsy, corticobasal degeneration, frontotemporal

lobe degeneration and Picks disease, for (review see Delacourte 2000). There are at least

29 known mutations within the Tau gene that cause FTDP-I7, these are generally

associated with intron/exon 10 (Goedert 2001, Rosso 2002, Schraen-Maschke 2004), and

although rare they demonstrate a pathogenic mechanism for this protein. More commonly

though, the Tauopathies are considered sporadic disorders.

1.1.3 Polyglutamine disorders

Polyglutamine (polyQ) disorders are relatively rare diseases caused by an expansion

mutation within coding regions of the disease causing gene, that lead to an expanded

polyQ fract in the resulting protein. There are nine known polyQ disorders, including
Huntington's disease (HD) and the spinocerebellar ataxias (SCA's), (reviewed in
Cummings 2000). Aggregates of the mutant protein are typically found in neurons within
affected regions of polyQ disease brain, these are known as neuronal inclusions and are

reported in 7 of the 9 known polyQ disorders (Becher 1998, DiFiglia 1997, Fujigasaki

2001, Holmberg 1998, Huynh 1999, Li 1998, Paulson 1997). The two exceptions are

SCA2 and SCA6, which have the shortest glutamine tracts. Disease is caused by
transmission of the expanded allele, and an inverse age of onset I rqeatlength correlation

exists, meaning that the longer the polyQ coding tract the younger the person develops

symptoms of the disease (Snell 1993). It has been suggested that polyQ peptides longer

than the disease casuing threshold are able to form a particular structural conformation

(Perutz 1994), potentially conferring a cytotoxic function. PolyQ diseases will be

introduced in greater detail later within this chapter (section 1.3).
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Chapter One - Introduction

1.1.4 Priondiseases

Prions are the causative agent for the rare transmissible spongiform encephalopathy

(TSE) group of neurodegenerative diseases, (reviewed in Prusiner 1998) that includes

Creutzfeldt-Jakob Disease (CJD) and variant CJD (vCJD), Kuru, Gerstrnann-Stliussler-

Scheinker disease (GSS) and Fatal Familial Insomnia (FFI) disease in humans and

Bovine Spongiform Encephalopathy (BSE) and scrapie in cattle and sheep respectively.

In prion diseases a version of the prion protein known as PrP*, accumulates and is able to

convert the normal cellular version of the predominantly o-helical protein (PrP") into

PrP'", which is rich in p-sheet structure (Gasset 1993). PrP" can be resistant to proteinase

K digestion and can display amyloid characteristics (Prusiner 1987). Amyloids are

introduced in section 1.1.6. The "protein-only" hypothesis suggests that PrP* is the sole

infectious agent required to tansmit disease, proof of this has been difficult, although

recently in vitro generated purified PrP'" was able to transmit the disease to PrP

overexpressing mice, stengthening the hlpothesis (kgname 2004). These diseases can

be inherited (CJD, GSS, FFI), sporadic due to new mutations (CJD, FFI), or infectious

(CID, vCJD, BSE, scrapie, Kuru).

1.1.5 Parkinsons disease, Lev,ry body dementla

Parkinsons disease (PD) is a neurodegenerative disease, patients have symptoms

including impaired movement control, such as intention tremor, bradykinesia, rigidity and

postural instability. It is relatively common, affecting lYo of people over the age of 50

years (Polymeropoulos 1996). A characteristic feature of the disease is the loss of
dopaminergic neurons in the substantia nigra and the presence of aggregated protein-

containing structures known as Lewy bodies within neurons in affected regions

(Nussbaum 1997). A major component of Lewy bodies is a filamentous form of the o-

synuclein protein (Spillantini 1998), and rare familial cases of PD are due to mutations in

o-synuclein. This protein can form fibrils in vito and display amyloidogenio properties

(Conway 2000), see section 1.1 .6. Other diseases may display Parkinsons like symptoms
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either with or without Lewy bodies, this is referred to as parkinsonism. This makes a

definitive diagnosis of PD difficult without neuropathology. Lewy body dementia has

clinical signs (parkinsonism and dementia) and pathology (Lewy bodies, senile plaques

and tangles) of both PD and AD (Hansen 1990). Along with rare inherited mutations it is
thought that a complex combination of environmental and genetic factors cause pD in the

majority of cases (Warner 2003).

1.1.6 Amyloidogenic proteins

The folding of a newly synthesized protein into its tertiary structure is critical for correct

function. The mammalian cell has systems for dealing with protein folding, including the

chaperoning of nascent peptides and the degradation of misfolded proteins (Wickner

1999). Degradation is commonly carried out by the proteasome after conjugation of the

misfolded protein to ubquitin molecules (Ciechanover 2000, Goldberg 2003). This is
known as the ubiquitin proteasome system, and it is thought that compromisation of this

system can lead to an accumulation of protein aggregates (Goldberg 2003, Wickner
1999). This is supported by the identification of ubiquitin in the disease stnrctures of AD
(Iqbal 1998, Pallares-Trujillo 1998), pD (Kuzuhara tggg), and polye (DiFiglia 1997,

Paulson 1997) disease brain.

Amyloid is a general term that is used to describe proteins with a highly ordered fibrillar
structure, forming p-pleated sheets that allow visualisation of green birefringence after

Congo red staining (Glenner 1980a, b). Thioflavin is a fluorescent dye also used to detect

amyloid structures (Defossez 1987, Elghetany 1988, Rogers 1965). protein structures

with amyloid characteristics have been identified in AD (Bignami 1984, Defossez 19g7,

Gibson 1985, Probst 1980) HD (Huang r99g, McGowan 2000), prion disease

(DeArmond 1985, Merz l98l) and PD (Braak 1990) brain. A synthetic version of the p-

amyloid peptide forms amyloidogenic structures (Barrow lgg2) and fibril structures

(Malinchik 1998) in vitro, and studies using purified o-synuclein mutants reveal amyloid
properties (Conway 2000). Max Perutz suggested that when a pure polyQ peptide reached

l5



Chapter One - Introduction

a certain langth, the formation of antiparallel p-pleated sheet structures was possible

(Perutz 1994), these may be responsible for the amyloidlike structures seen in HD brain
(Huang 1998, McGowan 2000). More recent structural studies suggest oligomeric forms
of polyQ proteins exist prior to fibrillar forms (Iuchi 2003), and likewise it has been
proposed that an oligomeric form of p-amyloid precedes the plaques seen in AD brain
(Gouras 2000, Hardy 2002, Hartley 1999, Lambert 1998). Conformational changes can

result in proteins with no sequence homology sharing a structural epitope, as shown by an

antibody that recognises fibrillar (ONuallain 2002) or oligomeric (Kayed 2003) forms of
B-amyloid or polyglutamine, but not their monomeric counterparts. It was thought that
the aggregate structures thernselves may be toxic and so cause cell dysfunction and death
(Kakizuka 1998), or alternatively that they may simply be end product "tombstones" with
little to do with disease pathogenesis. An accumulation of evidence would suggest that
they are physical markers for the presence of oligomeric, potentially more cytotoxic
forms of the misfolded proteirl (reviewed in Selkoe 2003). The presence of
amyloidogenic proteins in several of the human late onset neurodegenerative diseases
therefore suggests a common mechanism (Ferreira 2001, Tran 1999), and ongoing
research will elucidate properties of the protein species responsible for the neuronal
dysfunction seen. The next section further introduces AD, the most common of the
human neurodegenerative diseases characterized by protein misfolding.
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1 .2 AtzHEtMER's otsEtse

Alzheimer's disease was first described by Alois Alzheimer in 1907, (translated in
Alzheimer 1995) where autopsy revealed structures now known as neurofibrillary tangles
and senile plaques, particularly within the upper cortical layers. These structures are the
defining characteristics of AD, and a definitive diagnosis of the disease is not made until
they are seen at autopsy (Mina l99l). Plaques and tangles will be further introduced in
section 1.2.1.

AD is a progressive neurological disorder that usually shows its first symptoms after 60
years of age, generally resulting in death within 8-10 years of diagnosis. An initial loss of
short term memory progresses to long term memory deficits, and a general cerebral
dysfunction including motor disturbances. Disorientation and wandering are commonly
reported as are behavioral changes which may include paranoia, aggression and
depression (Forstl 1999, Teri 1997). Death is often due to secondary complications such
as pneumonia. Available pharmaceutical treatments are generally based on ameliorating
the effects of the loss of cholinergic connections. Whilst treatment may alleviate
symptoms in some patients, the progression of the disease is not halted.

AD is the most common form of dementia and statistics suggest that up to 4 million
Americans suffer from the disease. About 3 percent of men and women aged, 65 to 74
have AD, and nearly half of those aged 85 and older may have the disease (ADEAR
Alzheimer's Disease Education & Referral Center

). In New Zealand approximately
30'000 people are cunently suffering from AD. The proportion of people who are within
the high risk age groups is rapidly increasing, due to the ageing baby boom generation,
and a general trend of increased longevity. Patients become highly dependent on others
during the latter stages of the disease, resulting in considerable monetary burden on the
health care system and home help providers. Despite large research efforts worldwide
over the last few decades, the disease remains incurable, and the underllng mechanisms
in the majority of cases are poorly understood.
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Chapter One - Introduction

1.2.'l Neuropathology of AD

Neuropathologic changes in Alzheimet's disease (AD) inelude cerebral atrophy, neuritic

plaquesn and neurofibrillary tangles. Neurons that use the neurotransmitter acerylcholirre

are critical to memory and leanrin& and cholinergic neurons are affected early in AD

(Davies 19i16\. However, the characteristic hallmarks of the disease are neurofibrillary

tangles (NFTs) and neuritic plaques, shown in Figure 1.1. The tangles are interneuronal

and,are predominantly in the allocortex and temporoparietal neocorts, with pyramidal

cells often involved. They are mainly composed of paired helical filaments (PHFs) which

are made up of hyperphosphoryIated Tau. The senile plaques are found mainly in

neocortieal assosiation areas, and consist of glial processes, dystrophic neurites, arrd a

cenbal oore of B-amyloid. p-amyloid is also deposited in the cerebral blood vessels

(Bergeron 1987).

Figure l.l Plaques and tangles in Alzheimer's Disease brain tissue.

DAB immunohistochemistry ftrown) reveals A. ftamyloid staining, inset reveals

immunopositive plaques B. Tau staining, inset revals an immunopositive neurofibrillary

tangle. Both- are within middle temporal gyrus seetions fiom an Alzheimer's disease

patient, Cell nuclei are stained blue.
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Chapter One - Introduction

Both plaques and tangles can be seen in the normal aged brain, but are far less frequent,

and tend to be restricted to certain regions of the cerebral cortex (Ball 1977, Mountjoy

1983, Schonheit 2004). In AD neuronal degeneration occurs mainly in the hippocampus,

association areas of the neocortex, and the nucleus basalis of Meynert (Arendt 1984,

Selkoe 1991, Whitehouse 1982). An association between cell loss and plaques and

tangles is known (Bobinski 1996, Geula 1998). and it is generally assumed that cells

containing tangles are degenerating. Studies ainred at correlating the level of dementia a

patient suffered prior to death with pathogenic features have shown that Tau tangles, and

loss of neurons are both good indicators, while the extracellular plaque load is not

(Feany 1996,Holzer 1994, Thal 1998). It remains to be seen whether the less readily

detected intracellular p-amyloid would be a useful indicator (Hardy 2004). B-amyloid has

been found within NFTs (Grundke-lqbal 1986, Peny 2003) and Tau within plaques

(Schmidt 1994, Su 1996) in AD brain.

1.2.2 Microtubule assocrated protein Tau

The major component of NFTs is the microtubule associated protein Tau (Tau) in the

fbrm of PHFs. Tau was isolated from disease brain and characterised in 1988 (Wischik

1988). Tau exists as six isoforms in human brain. each are alternatively spliced transcripts

from the same gene on chromosome l7q2l.l. resulting in proteins with a predicted

molecular mass of 35-40kDa. SDS page analysis of purified Tau demonstrates several

bands of between 55 and 62V,Da (Cleveland 1977a, b). Tau is a soluble cyoplasmic

protein that tends to self associate into antiparallel dimers (Mandelkow 1993). The six

brain isoforms contain either three or four imperfect repeats (3R or 4R Tau) within the C-

terminus of the protein" the difference in the number of repeats is due to alternate splicing

of exon 10. The normal function of tau is to promote and stabilise microtubule assembly

and the repeat regions in the C-ternrinus mediate this binding (reviewed in Johnson

1999). Tau-deficient mice develop apparently normally but a subtle cellular phenotype

demonstrates the importance of this protein in microtubule stability and organization

(Harada 1994). The Tau within AD brain is abnormally hyperphosphorylated, this is
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thought to inhibit its binding to microtubules and so promote the aggregation of PHFs

(lqbal 1994, Yoshida 1993).

1.2.3 B-amyloid

A small peptide of around 4kDa was isolated from AD plaques and cerebral vascular

amyloid and was first described in 1984 (Glenner 1984b), arrd further characterized in

1985 (Masters 1985). In addition the same peptide was isolated from AD-like plaques

within Downs syndrome patients (Glenner 1984a), who develop AD in early to mid-life.

The B-amyloid peptide sequence indicated it was a fragment of the large amyloid

precursorprotein (APP) which exists in three isoforms: APP695. APP75l and APP770

(Kang 1987,Tanzi 1987), APP695 being the predominant isoform in the brain. APP is a

transmembrane protein, anchored at the cell surface membrane, (Kang 1987, Kirazov

2001) although its function is still unclear. Homozygous null mutant APP mice are both

viable and fertile (Zheng 1995), suggesting either a non-vital role, or that other proteins

can substitute for APP deficiencv.

B-amyloid is a proteolytic product from the C-terminus of APP. There are three proteases

that cleave APP near the C-terminus: the a, p and y-secretases (Citron 2000). There are

two main pathways by which this cleavage occurs, the cr-secretase or the B-secretase

pathways and both can result in y-secretase cleavage. o-secretase cleavage results in the

extracellular release of a large soluble cr-APPs ectodomain, and a membrane-retained 83

amino acid C-terminal fragment (C83). The C83 fragment can be cleaved by y-secretase

resulting in the P3 protein. Alternatively, the APP molecule may be cleaved by F-

secretase to release B-APPs from the cell with the remaining C99 fragment being further

cleaved by y-secretase to result in the p-amyloid peptides. While only a subset of APP

molecules are cleaved by cr- or B-secretase, more undergo the c-secretase pathway than

the B-amyloid forming B-secretase pathways. The peptides generated by y-secretase can

be heterogenous at both the N and C-terminals. although the N-terminal residue is usually
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due to B-secretase cleavage at Aspl. More importantly, the heterogeneity of y-secretase

cleavage at the C-terminal results in cleavage at residue 39-43 (Jarrett 1993, Roher 1993),

with p-amyloid I -40 being the predominant form in the cNS (Selkoe l99g).

The protease thought to be responsible for the e-secretase cleavage of App is a

metalloprotease, ADAM l0 (Lammich 1999), and that likely responsible for B-secreatase

cleavage has been identitied and named BACE (B-amyloid cleavage enzyme) (Hussain

1999, Sinha 1999, Vassar 1999). Another aspartic protease with homology to BACE has

also been identified, BACE2 (Hussain 2000). Mice that are BACE deficient are otherwise

healthy, but produce little B-amyloid (Roberds 2001), illuminating a potenrial therapeutic

angle for the treatment of AD. The protease responsible for y-secretase cleavage awaits

clarification, but is at least associated with preserrilin I (PSl ) (Wolfe 2002, Wolf'e lggg).

PSI may be part of a complex including other proteins, for example nicastrin (Francis

2002, Yu 2000). Like BACE, inhibition of PSI results in a decrease in B-amyloid
production (De Strooper 1998), however its role in the processing of Notch, an important

developmental protein, may preclude its suitability as a therapeutic target for AD (De

Strooper 1999).

1.2.4 Familial Alzheimer's disease

AD is chiefly a disease of unexplained cause, with advancing age a major risk factor,

however familial clustering is seen (Fitch 1988). A kindr.ed study in 1990 demonstrated

that familial cases could be split into two categories; those with a mean age of onset of
<58 years (early onset FAD), and those with a mean age of >58 years (late onset FAD).
These FAD cases follow the same pathogenic path as sporadic AD, so they are an

important tool in the understanding of the AD disease process. After many conflicting

repofts of linkage of FAD to various locations, it was realised that this is a heterogenous

disorder' with more than one loci acting in a dominant fashion (St George-Hyslop 1990).

The first disease locus identified fbr FAD by linkage analysis was located on
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chromosome 2l (St George-Hyslop 1987), providing an explanation for the occurrence of
Alzheimer's disease-like pathology in Down syndrome patients. The APP gene was found

to be in this vicinity (Tanzi 1987), and subsequent studies on FAD families with linkage

to chromosome 2l idenfified missense mutations within the APP gene, near the B-

amyloid coding region (Goate l99l). However" most early onset FAD families did not

show linkage to chromosome 21, but instead to chromosome 14 (St George-Hyslop

1992). They are caused by mutations within a novel gene encoding an integral membrane

protein, designated Sl82 (Sherrington 1995). This was subsequently designated

presenilin I (PSl), an aspartate protease now known to be involved in 7-secretase
cleavage of APP. Further FAD linkage on chromosome I (Levy-Lahad 1995b) was found

to be due to mutations in presenilin 2 (pS2) (Levy-Lahad 1995a, Rogaev 1995), a
protease with homology to pS l.

In addition, linkage to late onset FAD was found on chromosome 19 and is due to a
specific allele (epsilon 4) of the apolipoprotein E gene (ApoE). ApoE4 acts as a risk
factor' by reducing the age of onset in both late onset FAD and sporadic cases of AD
(Corder 1993). Subsequent linkage and association studies attempting to identify genes

involved in late onset FAD have been numerous and ambiguous (reviewed in Bertram

2004 and introduced in Chapter Seven), but continue to confirm the importance of ApoE4

allele status.

In summary, FAD can be caused by mutations in genes on chromosome 2l(App),
l4(PSl)' or l(PS2), with most due to PSI mutations. The presenilin and App mutations

and the presence of the ApoE4 allele are associated with an increase in the proportion of
the highly amyloidogenic B1-42 peptide (Roses 1994, Scheuner 1996, Suzuki lgg4),

making it likely that this peptide is not simply a disease marker, but plays a causal role in

AD. While sporadic AD is a complex disease that can't be explained by single gene

effects, much has been learned about the disease process by the study of the genetic basis

underlying the familial disease.
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1.2.5 Models of AD

A mouse model overexpressing a version of APP carrying a mutation found in humans

(PDAPP V717F) develops the B-amyloid pathological markers of AD (Games 1995).

Intriguingly, immunization of these mice with the B-amyloid peptide resulted in clearance

of amyloid plaques, which has led to the development of ongoing human clinical trials

(Schenk 1999). Transgenic mouse models overexpressing human wild type or mutant Tau

have demonstrated neuronal degeneration. and neurofibrillary tangles (Lewis 2000,

Spittaels 1999).In a mouse model expressing both mutant Tau and APp an enhancement

of NFT pathology was noted, suggesting an interaction between B-amyloid and tau in AD
pathology (Lewis 2001). A recently reported triple transgenic mouse model of AD,
habouring mutant Tau, APP and PSl, demonstrates plaques tangles and synaptic

dysfunction (Oddo 2003). Vaccination with B-amyloid can clear nor only plaque

structures, but also early Tau pathology (Oddo 2004). These sophisticated models will be

important in the understanding of a disease as complex antl heterogenous as AD. Mouse

models for the pathology of AD now exist, it remains to be seen how well they reflect the

human disease.

In summary, AD is a complex disease characterized by the misfolding of two disease

associated proteins. B-amyloid is strongly implicated in the disease process through
genetic mutations in familial cases of AD, and mutations in the Tau gene can be causative

for other forms of dementia. For the majority of AD cases that are not due to B-amyloid
associated mutations, the underlying cause is unknown. The next section introduces the

polyQ diseases, which cause late onset neurodegenerative disease as a result of a simple

genetic mutation.
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1 .3 PolycLUTAMtNE DIsEASES

Trinucleotide repeat expansions are causative for at least l5 neurological diseases. These

can be divided into two goups; those that result ftom CAG or CAA repeat expansions

within coding regions of a disease gene (polyQ diseases) and those that are due to non-

coding trinucleotide repeat expansions. The non-coding trinucleotide repeat diseases tend

to be due to very large expansions, sometimes containing hundreds or even thousands of
repeat units while polyglutamine (polyQ) coding expansions tend to be more modest.

often with disease causing lengths of less than 50 repeats (Cummings 2000). For the

purposes of this thesis, only the polye diseases will be further introduced.

Table 1.1 Polyglutamine diseases

The nine cunently known human polyQ diseases are tabulated, along with gene name,

locus and protein' SCAIT was recognized as an inherited polyQ disease after the start of
this thesis research.

Disease Gene Locus Protein

Spinobulbar muscular atrophy a

Huntington disease
Dentatrubral-pal I ido I uysian atrophy
Spinocerebellar ataxia type I
Spinocerebellar ataxia type 2
Spinocerebellar ataxia type 3 b

Spinocerebellar ataxia type 6

Spinocerebellar ataxia type 7
Spinocerebellar ataxia tvoe l7

AR
HD
DRPLA
SCA I
SCA2
SCA3
SCA6

SCAT
SCAI T

Xql3-21
4p16.3
l2p 13.3 l
6p23
12q24.1
t4q32.l
l9p l3

l3pl2-13
27

Androgen receptor
Huntingtin
Atrophin-l
Ataxin-l
Ataxin-2
Ataxin-3
al A-voltage-dependant
calcium channel subunit
Ataxin-7
TATA bindi

" Also known as Kennedy disease
b Also known as Machado-Joseph disease
The nine known polyQ diseases are shown in Table 1.1 with the associated gene, locus

and protein name. Glutamine is encoded by both CAG or CAA codons, disease

expansions generally occur within a pure CAG tract, and in the case of SCA2 patients an

interrupting CAA codon that is found in unexpanded alleles has been lost, suggesting the

CAA confers stability to the allele (I'ulst 1996). Wirh the exception of Spinobulbar

muscular atrophy (SBMA), which is X linked, all are inherited in an autosomal dominant
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fashion, therefore a single mutated allele is sufficient for the onset of the disorder. All

tend to be late onset disorders, manifesting symptoms at approximately 40 years of age,

although juvenile onset forms are seen when the repeat length is very long (MacMillan

1993). An inverse relationship between age of disease onset and polyQ repeat length

exists for this goup of diseases (Snell 1993), accounting for approximately 50-80% of

the variability in age of onset seen (van de Warrenburg 2OO2). For each disease gene

there is a threshold level of repeats, beyond which disease is caused, and this threshold is

around 35-40 repeats (Table 1.2), except for in SCA6, where it has been proposed that a

slightly different mechanism may be responsible (Ross 1997).

Table 1.2 PolyQ repeat lengths in the polyQ diseases

The lengths of the polyQ tract are shown for each disease, with the mean, mode and

range of the normal repeat lengths shown. For some diseases, intermediate repeat lengths

exist, at which the disease phenotype may not always be displayed. The range of disease

allele lengths is shown. Much of the allele length information is from wu'u,.geneclinics.orgi,

submitted by N. Potter for the Ataxia Molecular Diagnostics Testing Group (revised

January 2003). Normal repeat length means and modes were extracted from Andres et a/

for most diseases, except SMBA, (Jonsson 2001. von Eckardstein 2001) SCAIT (Reid

2003) and SCA7. (Silveira 2002) All data is from Caucasian populations, with the

exception of SCAT (a Portugese population).

Disease Normal Normal Normal Intermediate Disease
mean mode range Diseaseu range

SMBA
HD
DRPLA
SCAl
SCA2
SCA3
SCA6
SCAT
SCAIT

9-36
6-3s
35

6-44b

3l
40
<8

7 -35
25-42

36-38

48-51
19

28-3s
42-M?

38-62
36-t2l
48-93
39-91
33-500
53-86
20-33

36-300
43-66

19

18

l4
30
22
22
ll
r2

2l
t7
l6
30
22
24
t4
t2
38

u Intermediate alleles, a disease phenoqpe may or may not be seen. Expansion may occur in the next
generation to cause disease.
o among the normal SCAI alleles, those over 2l in length contain CAT intemrptions. Disease alleles
generally contain pure CAG tracts.
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1.3.1 PolyQ toxicity
Specific neuronal groups are preferentially lost, although there is overlap, in each of the

polyQ diseases. This loss is reflected in the resulting symptoms seen, for example the

medium spiny projection neurons of the striatum and globus pallidus are lost in HD,

resulting in a progressive hlperkinetic disorder (Vonsattel 1985). The polye disease

proteins are widely expressed (Cummings 2000), and therefore the specific cell loss may

not be related to levels of expression. For example, within normal human brain,

huntingtin mRNA is highly expressed in the cerebral cortex and cerebellum, with
relatively low levels in the basal ganglia, the region most affected in HD (Li 1993, Stine

1995). There does not appear to be a mutation associated affect on mRNA expression as

in HD brains both the normal and the expanded allele are expressed (Stine 1995). Rat

huntingtin protein is not consistently found in striatal projection neurons, which are lost

in HD, but is abundant in the shiatal cholinergic interneurons that survive (Fusco Lggg).

Mice lacking the Huntington gene (Hdh\ were constructed by several groups to determine

whether HD results from a loss of normal protein function or a gain of toxic function
(Duyao 1995, Nasir 1995, Oeda 2001, Zeitlin 1995). Homozygous null mutants died
during development, indicating a developmental requirement for Hdh, and generally the

heterozygotes were phenotypically normal, suggesting that HD is a gain of function
disorder, as an absence of the gene did not result in HD-like symptoms. The lethal
phenotype seen in all of these mice was able to be rescued by the expression of human

genomic Hdh ia a YAC clone (Hodgson 1996). The normal function of Huntingtin is not

impaired by CAG expansion as demonstrated by a knock-in mouse carrying 50 repeats

within Hdh; in the absence of any wild type Hdh, the expanded protein was sufficient for
normal development (White 1997).Interestingly, no disease phenotype was seen in this

model, a repeat length of 50 glutamines would cause disease in humans, and later work
(see below) would indicate that this is likely to be as a result of its expression within the

full length endogenous Hdh gene, and the short life span of the mouse. The generation of
a mouse model expressing a long polyQ repeat within a non-disease associated gene
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(Hprt) that developed a late onset neurological phenotype provided the strongest evidence

of a gain of toxic function for these polye disease proteins (ordway lggT).

One of the intriguing features of the polyQ diseases is that the disease genes code for
different proteins, with no obvious similarity to each other, apart from the polye tract.

The normal function is not known for all of the polyQ disease proteins, the best

understood are the androgen receptor (a steroid hormone receptor), the TATA binding
protein (a general transcription factor) and the alA calcium channel subunit (a voltage

dependent calcium channel component). Some transcriptional corepressor activity is
known for ataxin 3 (Li 2002) and atrophin I (Wood 2000). Down regulation of gene

transcription has been reported in polyQ disease models suggesting transcriptional

alterations may be a key to the polyQ disease mechanism (Cha 2000, Hoshino 2004,

Luthi-Carter 20A2).

Transgenic and cell culture models demonstrate that that nuclear localisation but not

aggregation of the mutated protein may be an important factor in HD (Saudou 1998) and

SCAI (Klement 1998), and yet not all of the polyQ disease proteins are normally located

in the nucleus. Ataxin- I and 7 contain nuclear localisation signals, the androgen receptor

is transported to the nucleus after binding to androgen, and TBP is a nuclear transcription

factor. Large proteins such as huntingtin and atrophin-l may be transported into the

nucleus as protein fragments after proteolytic cleavage (Li 1998, Lunkes 2002, Schilling
1999). The amount of flanking protein surrounding the polyQ tract is important in
determining its ability to cause disease pathology. A well characteized transgenic model

of HD are the R6 mice expressing only exon I of huntingtin and carrying between l15
and 150 polyQ coding repeats (Mangiarini 1996). The R6/2 line express the transgene at

Ievels similar to endogenous Hdh and develop disease symptoms at 9-l I weeks of age,

progressing rapidly, with death at l1-13 weeks of age (Mangiarini 1996), A full length

huntingtin CMV overexpression mouse model with 48 or 89 polyQ repeats demonstrates

both clinical and neuropathological symptoms of HD in older mice (Reddy 1998), while
HdhQ92 and HdhQlll knock-in mice demonstrate neuropathology, including neuronal
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protein aggregates, but lack a clear HD phenotype (Wheeler 2000). Clearly protein

context and dosage has a major role in the manifestation of HD in model animals. The

toxicity of polyQ and importance of flanking protein was further demonstrated by the

comparison of full length SCA3 mutant protein with a truncated form of the mutant

protein (Ikeda 1996).

The cell specific toxicity of the expanded proteins may also be due to the ability of those

cells to process this protein. It has been suggested that the expanded polyglutamine tract

makes the protein resistant to proteasomal degradation due to the conformation changes

(On 2000). ubiquitin is part of the neuronal inclusions seen in HD brain, and mutant

ataxin-l is degraded less efficiently by the ubiquitin-proteasome pathway than its wild

type counterpart (Cummings 1999). Mutations in various genes within the ubiquitin-

proteasome pathway have been implicated in neurodegenerative disorders, for example,

an early onset form of Parkinsons disease is caused by a missense mutation in the

ubiquitin carboxyl-terminal hydrolase Ll (UCH-Ll) gene (Leroy 1998).

Many studies have attempted to identify proteins that interact with the expanded polyQ

containing proteins, and to date there are several candidate interacting proteins, recently

(reviewed in Harjes 2A03, Li 2004). One of these, SH3-containing Grb2-like protein

(SH3GL3) has been shown to interact with mutant huntingtin in a repeat length

dependant way (Sittler 1998). Leucine-rich acidic nuclear protein (LANP) interacts with

ataxin-1, in a polyQ length dependant way, and is expressed mainly in the Purkinje cells,

which are predominantly affected in SCAI (Matilla 1997).Interacting proteins may bind

to the disease protein with greater or lesser affinity, and alter physiological or

biochemical properties of one or both of the proteins.

Transcription factors have been identified within many of the polyQ disease strucrures,

for example, TAFIII30, a component of TFIID (Shimohata 2000), the cAMP responsive
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element binding protein (CREB) (Yamada 2001), and the CREB binding protein (CBp)

(McCampbell 2000). CREB dependant tanscription is reduced through interactions of
expanded polyQ with TAFII130 (Shimohata 2000). This reduction was also evident in an

inducible HD exon I cellular model (Wyftenbach 2001). Human CBP contains a polye
tract of l8 repeats, it is thought that this region may be responsible for its incorporation

into polyQ inclusions (Yamada 2000). Soluble levels of CBP protein are reduced in
polyQ expressing cells, suggesting sequestration of this protein implicated in neuronal

survival as a mechanism for toxicity (Lonze 2002, McCampbell2000, Riccio 1999).

In summary, the genetic cause of the polyQ diseases is absolutely known, with the

resulting mutant protein exerting a gain of toxic function. However, quite how this altered

protein results in neuronal dysfunction is still poorly understood. The next section

introduces SCA17, the most recently identified polyQ disease, caused by expansions in
the gene coding for TBP.
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1.4 SpTNocEREBELLAR ArN{A 17 (SCAI7)
In 1999, prior to the start of this research, eight polyQ diseases had been identified, of

which five were spino-cerebellar ataxias (SCAs). A Japanese study of 89 SCA patients

(52 autosomal dominant, 37 sporadic cases) was performed where genetic studies had

already ruled out mutation in any of the known polyQ disease genes (Koide 1999). This

study examined the polyQ coding region of the TATA binding protein (TBP), a

transcription factor known to carry a particularly long and polymorphic polyQ coding

tract (25-42 repeat units) in normal human populations. At this time repeat lengths longer

than 42 had not been reported in TBP. A patient was identified with a sporadic SCA, that

appears to be the result of a de novo expansion of the CAG repeat within TBP (Koide

1999). The TBP repeat length in this 14 year old girl was 63, and she had begun to show

gait disturbance and intellectual deterioration at the age of 6. Progression of symptoms

included ataxia, spasticity, muscle weakness and atypical absences, and she became

wheelchair bound at the age of 13. Neurological examination showed cerebellar ataxia,

hyperreflexia, extensor plantar responses and cerebellar dysarthria. She had difficulty in

swallowing and was severely intellectually impaired. MRI analysis revealed prominent

cerebellar atrophy and dilation of the fourth ventricle as well as mild cerebral atrophy

with lateral ventricle dilation.

The parents and older siblings of this patient were norrnal, and subsequent haplotype

analysis revealed that the TBP expansion she carried was a de novo partial duplication of

a segment of the longer allele from her father (39 repeats). The evidence presented

strongly implicated this expansion as the causal mutation, however the conclusive proof

of the ability of expansions in the polyQ coding region of the TBP gene to cause

neurological disease was through the identification of several families in 2001 (Fujigasaki

2001, Nakamura 2001, Zuhlke 2001). As a result this disease was designated SCAl7. The

SCAIT families reported in 2001 were identified as a result of screening for expansions

in TBP within groups of patients with familial or sporadic ataxia phenotypes and where
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other known polyQ disease mutations had already been excluded (Fujigasaki 2001,

Nakamura 2001, Zuhlke 2001). These studies encompass 17 reported symptomatic

patients within seven families. More recently, three SCAIT individuals were identified in

a study of SCA frequencies in 1286 Japanese ataxia patients of unknown causes; although

no clinical information exists for these patients (Maruyama 2002). A similar study of

ataxia patients of Brazilian and Portugese origin revealed a single individual containing a

modest expansion (43 repeats) in a TBP allele (Silveira 2002). Whilst this is a short

repeat, it is outside the normal range currently acknowledged (upper limit 42) and

importantly, the patient presented with mild symptoms at a relatively late age, likely a

reflection of an inverse age of onset correlation with SCAIT repeat length, inhoduced in

section 1.4.2.The patients' deceased mother had had a similar disease, and although there

are no other patients in this family to confirm that this short expansion is causative for the

symptoms, it seems probable. If a repeat length of 43 is sufficient for SCAl7, little room

exists in the Caucasian population for expansion within the normal range (Section 1.5.2).

As with the other polyQ disorders, no cure exists for these patients.

1.4.1 SCAI7 clinical features and pathology

Clinical features of SCAIT commonly include gait ataxia, limb ataxia, dysarthria

dysphagia, dysmetria (difficulty speaking, swallowing and controlling movement

respectively), and parkinsonism like symptoms (Rolfs 2003). Dementia is commonly

seen, and can be the first presenting symptom (De Michele 2003). Epilepsy has also been

noted in some families (De Michele 2003, Fujigasaki 2001, Nakamura 2001). Studies

reporting post mortem pathology data reveal that SCA17 patients lose purkinge cells

within the cerebellum and demonstrate general cortical neuronal loss (Fujigasaki 2001).

Gliosis was also noted around the purkinge cells, with an increase in Bergman glia

(Nakamura 2001). In the few SCAIT brains examined, widespread intranuclear neuronal

inclusions in regions including the cortex, hippocampus, cerebellum, basal ganglia and

hypothalamus have been found using TBP, ubiquitin or lC2 antibodies (Fujigasaki 2001,

Nakamura 2001, Rolfs 2003).
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1.4.2 Age of onsef correlation to repeat length

Since 2002 additional SCAl7 cases have been identified, and where the SCAIT repeat

length and age of disease onset is known these have been presented in Appendix I Table

l, along with the site of expansion. if known. Age of onset has been graphed against

polyQ repeat length in Figure 1.2 and demonstrates that like other polyQ diseases, a

strong inverse corelation between age of onset and polyQ repeat length exists (r2 =0.53).
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Figure 1.2 Age of SCAl7 onset correlation with polyQ repeat length. Available age of

disease onset and SCA l7 allele repeat length infomation has been plotted to demonstrate

the inverse relationship. Pearsons correlation coefficient r : -0.727, (statistical test of

significance shows p value of less than 0.0001 , t : 6.44, degrees tieedom :37). Therefore

53% of the variability in age of onset can be explained by SCAIT allele length.

Therefore with current data, 53Vo of the variability in age of SCAIT onset can be

explained by polyQ repeat length. Correlation of the age of disease onset to repeat length

is fraught with difficulty as early slmptoms may be subtle and diagnostic criteria may

vary between countries and neurologists, nevertheless a correlation clearly exists between

these two variables (Fig. 1.2). In HD the age of onseVrepeat length correlation becomes

weaker as the age of onset increases, therefore more variability in repeat size is present in
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the older patients (Kremer 1993). It remains to be seen if, as more cases are reported, this

is the same with SCAl7.

The polyQ coding region within TBP is composed of CAA and CAC codons, a schematic

representing the five regions is shown below. Regions II and IV are polymorphic and n

has been reported in normal populations as 7-11 C'AGs, or 9-21 CAGs for regions II and

lV respectively (Gostout 1993). Disease expansion generally occurs at region IV.

Region

Sequence

IIIIIIIVV
CAGI CAAI CAGN CAA CAG CAA CAG" CAA CAG

Interestingly two SCAl7 patients have been identified carrying homozygous expansions,

one apparently due to partial isodisomy at the SCAI T locus (Zuhlke 2003b) and the other

carrying two 48 repeat alleles due to consanguinity (Toyoshima 2004). Patients suffered a

similar age of onset as heterozygotes, (40 and 39 years for 47 and 48 repeats

respectively), but rapidly progressing dementia and ataxia was noted in both. lmportantly,

these patients demonstrate that adulthood can be reached whilst canying two expanded

TBP alleles. Another report suggests that SCAIT displays incomplete penetrance; a 48

repeat TBP allele was maternally transmitted to six children, yet the mother (69 yrs) and

two of her children (51 and 38 yrs) had not yet displayed symptoms of SCAIT (Zuhlke

2003a). This report, along with the incomplete age of onset/repeat length correlation

suggests that other factors can affect the ability of this mutation to cause a

neurodegenerative di sease.

1.4,3 SCA17 mammalian cell culture model

Previous work in this laboratory led to the development of a cell culture model of SCAIT

((Reid 2003), and appended in Appendix IV) that is used throughout this thesis. Full

length human TBP consffucts were made with a range of polyQ repeat lengths (from 3l

to 90 repeats) and expressed in a murine neuroblastoma cell line (Neuro2A). As with
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other polyQ disease models a repeat length dependant effect on inclusion formation and

cellular location was noted, and is demonstrated in Figure 1.3. The majority of the work

within the Reid et al 2003 publication is outside of this thesis research; an exception is

the filter retardation assay work, which is described in Chapter Three of this thesis. This

model was developed prior to the identification of a disease associated with the polyQ

expansion in TBP.

Figure 1.3. Repeat length dependent protein accumulation in the SCA17 model. A

representative image of the three staining patterns seen are shown; diffuse positive nuclei

(TBP36), positive nuclei with associated punctate inclusions (TBP48), and cytoplasmic

punctate inclusions without positive nuclear staining (TBP90). All images are

compilations of several Z series images. to create a topographical image of the cell.

Figure extracted from Reid et al2O03.
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1.5 TATA SINoING PROTEIN

TBP is a general transcription factor, and is the first and pivotal step in activation of

transcription by RNA polymerase I, II and III. In the context of RNA polymerase II

transcription, it is part of TFIID, a multiprotein complex consisting of TBP and at least l4

other TBP-associated factors (TAFs) (Pugh 2000). TFIID binds to the TATA box, via its

DNA binding region and other multi-protein complexes assemble, including TFIIA and

TFIIB to complete the formation of the pre-initiation complex (PIC). Phosphorylation of

RNA polymerase II allows elongation to begin.

TFIID

plus TFIIA r.

Li$$'{"t.tr

ni{,i,{,i.'{,i,{,i DNA

plus TFIIB and others

plus RNA pol ll

Figure 1.4 Simplified diagram of TFIID in RNA polymerase I[ transcription.

TBP, within the protein complex TFIID, binds to the TATA box of a promoter, initiating

the incorporation of other factors (TFIIA, TFIIB). This complex then enables the RN.d

polymerase II enzyme to bind to complete PIC formation.

The crystal structure of the core domain (C-terminal 180 residues only) of TBP has been

determined to good resolution (Nikolov 1996), and two basic repeats within this core are

the sites of DNA binding. DNA conformation is markedly altered as a result of binding

(Kim 1993a, Kim 1993b, Stan 1995). The DNA is simultaneously unwound, kinked and
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bent towards the major groove, creating an exposed minor groove surface that is

complementary to TBP's concave DNA binding surface (Nikolov 1996). The TFIID

complex occupies approximately 70-80 bp of DNA about 30 bp upstream from the

transcriptional start site (Pugh 2000). TBP forms stable dimers when not bound to DNA,

which disassociate prior to binding to the TATA box. This disassociation appears to be

relatively slow and therefore may be a rate limiting step in the assembly of the

transcription complex (Coleman 1995). The N+erminus of TBP contains the polyQ tract,

which lies from residues 58 to 95 in the version of human TBP with a 38 glutamine

repeat (Genbank accession number NP_003185). Most of the known interactions with

TBP are at its C-terminus. The role of the N-terminus in transcriptional regulation is

poorly understood. The N-terminus down-regulates human TBP binding to the U6 TATA

box in RNA polymerase III transcription (Mittal 1997), and is thought to interact with

proximally bound transcription factors (Seipel 1994). TBP also binds to non TATA

containing promoters (Pugh 1991), within the context of a TFIID complex. lmportantly,

the monoclonal antibody raised to the polyQ tract within TBP (lC2) selectively inhibits

in vitro transcription from TATA-containing but not TATA-less RNA polymerase II or

III transcribed promoters (Lescure 1994). This occurred without affecting the binding of

TBP to the DNA, suggesting that the N-terminus of TBP is available for protein-protein

interactions during the initiation of transcription. More recent work has identified a

protein that binds to the TBP polyQ tract and increases the affinity of TBP binding to

TATA containing promoters; this is introduced in Chapter Eight, section 8.1.2.

1.5.1 TBP homology

The human TBP gene is located on chromosome 6 and has been mapped to 6q27 (lmbert

1994).It encodes a 339 residue protein, when containing 38 repeats. Ten versions of TBP

mRNA and several splice variants exist in rodent testes during spermatogenesis, however,

all are predicted to result in the normal TBP protein, therefore the variation seen in this

high TBP expressing tissue is possibly a means of post transcriptional regulation

(Schmidt 1997), and has not been noted in other tissues. TBP is highly conserved across

species (Table 1.3), in particular at the DNA binding C+erminal core domain.
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Table 1.3 Conservation of TBP across species

Alignment is expressed as a percentage alignment to human TBP, and was determined

using ClustalW. The DNA binding core of human TBP is the C-terminal 180 amino

acids and is highly conserved, while the N-terminal 159 amino acids are much less

conserved, and largely absent in yeast.

Species polyQ protein
repeat leneth

7o alignment score
DNA Protein N-term C-term

Accession

Human 38 339
Mouse 13 318
Zebrafish 6and3 302
Drosophila 6and8 353
C.elegans 0 340
Yeast 0 240

89
7l
55

35
36

97
90
59
50
60

94
59
25
15

l5

100

98
88
8l
80

NP_003185
NP_038712
NP_956390
NP_523805
NP_498635
NP 0l1075

Proteins with similarities to TBP have been identified, including a TBP related factor

(TRFI) that is found only in Drosophila and TRF2 which is found in many species,

including humans (reviewed in Davidson 2003, Flochheimer 2003). In humans the TRF2

(also known as TBPLI) protein shows some homology to the C-terminal core domain of

TBP (42% protein identity), differing sufficiently so that it does not bind to the TATA

box (Rabenstein 1999). It is thought to regulate transcription of RNA PoIII genes that do

not contain TATA elements within their promoters and TRF2 does not contain a polyQ

tract (Shimada 2003). More recently, a third TBP related protein has been identified in a

search of the human genome for homologous sequences (Persengiev 2003). This has been

designated TRF3 and shows 93% identity with the C-terminus of TBP, and no similarity

to the polyQ-containing N-terminus of TBP. TRF3 homologues were found in mouse,

pufferfish and frog, but not in Drosophila. As with TBP, the C-termini of the TRF3

proteins are highly consenred across species, while the N-termini are quite divergent,

with the exception of a 12 residue conserved region suggesting an important functional

role exists at the N-terminus (Persengiev 2003). Human TRF3 does not contain a polyQ

tract. While the function of TRF3 is not vet known. it is likelv to be different to that of
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TBP, as initial studies have shown that it is not part of the TFIID complex and that its

import into the nucleus after mitosis is delayed with respect to TBP and other

transcription factors (Persengiev 2003).

1.5.2 TBP knockout mice

Attempts to generate a mouse model carrying no TBP alleles have failed to produce live

offspring. This is not surprising due to the function of this protein, and indicates that no

other protein is able to fully replace the role of TBP in the mouse (Martianov 2002). Mice

canying only one allele (TBP */-; were of normal size and weight, with no obvious

abnormalities. They were fertile and were present at Mendelian frequencies. However,

when these mice were bred together no viable double knockout (TBPJ) mice were born.

Growth arrest occurred in the TBPJ' blastocyst at around E3.5 days, while Mendelian

ratios could be detected up to this point. Interestingly, immunohistochemical studies of

these TBP-/'blastocysts indicated that RNApol II transcription was still occurring, in the

absence of TBP, but both RNApol I and III transcription was abolished. The authors

concluded that TBP is required for initiation of zygotic transcription and for cell

proliferation, but is not required for reinitiation and maintenance of transcription in

growth arrested cells (Martianov 2002).

A knockout mouse model where the vertebrate specific N-terminus of TBP had been

ablated resulted in 90%o death during mid gestation of homozygous mutants (Hobbs

2002). A further 67% of the surviving homozygous mutants died prior to weaning,

however, the remaining surviving homozygotes were healthy and fertile. Death of

homozygous embryos appeared to be due to a defect in the placenta, as they could be

rescued by transfer to a wild type tetraploid placenta. Rescue could also be performed by

knocking out p2-microglobulin (B2M) expression, or by transplant to immuno-

compromised placentas indicating that the defect in TBPN -'- fetuses involved failure of a

p2m dependant process. This knockout model is of particular interest, as the polyQ tract

is within the N-terminus, and it has been generally thought that the critical functions of
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TBP were contained within the DNA binding C-terminus. Therefore the N-terminus of

TBP is required for development. Recent studies using fibroblast cell lines derived from

the N-terminal knockout embryos before they die reveal no transcriptional abnormalities

(Schmidt 2003). The authors conclude that the vertebrate TBP N-terminus is not required

for basal growth of fibroblast cell lines.

1.5.3 TBP accumulation in other diseases

TBP has been implicated in other polyQ diseases, as interactions between its long polyQ

tract and that of polyQ disease causing proteins seemed probable. Immunopositive TBP

have been identified in the aggregated protein stuctures from HD (Huang 1998, van

Roon-Mom 2002), SCAI (Uchihara 2001), SCA2 (Uchihara 2001) SCA3 (Perez 1998)

and DRPLA (Uchihara 2001) brains. Whether the incorporation of this critical

transcription factor into these structures is part of the disease mechanism or merely part

of the visible pathology has yet to be determined.

1.5.4 Human population distribufions

The polyQ tract within human TBP is highly polprorphic, ranging from 26-42 repeats

(Gostout 1993, Reid 2003, Rubinsztein 1996). The most common allele in Caucasian

populations carries 38 polyQ coding repeats (Reid 2003), long enough if within many of

the other polyQ disease proteins to cause disease (see Table 1.2). The repeat region

appears stable on meiotic transmission (Reid 2003), likely due to the presence of CAA

codons within the repeat tract. Interestingly, TBP allele frequencies vary across racial

groups, Caucasian and Indian groups carry a mode repeat length of 38, while the

commonest TBP allele in sub-Saharan african and south African black groups contains 35

repeats (Rubinsztein 1996). Figure 1.5 demonshates the TBP allele frequencies, and the

upwards skew seen in Caucasian population distributions.
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Figure 1.5 TBP allele frequency in

human populations. A. 618 unrelated

Caucasians showing the commonest

TBP allele carries 38 polyQ repeats B.

data extracted from Rubenstein el a/

1996 showing different distribution of

allele frequency in two populations and

upwards skew of the East Anglian

population data. Number of

chromosomes analysed: 49 and 48 for

East Anglian and South African Black

populations respectively.
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1.6 Arrrrts AND PneseruTATtoN oF THrs Tnesls
The hypothesis prompting this research was that TBP, with its very long polyQ tract

contributes to a common protein misfolding disease of old age. At the start of this

research project inherited SCA17 had not yet been reported, although disease potential

had been demonstrated by the young girl carrying a de novo 63 repeat TBP expansion

reported in 1999 (Koide 1999). Expansions within the polyQ tract of TBP are now known

to be the primary cause of SCAI7, therefore a neurodegenerative disease mechanism

exists for this important transcription factor. PolyQ diseases show an inverse relationship

between age of onset and repeat length, and it is reasonable to suggest that in an

extrapolation of this relationship the long repeat within TBP may contribute to a late

onset neurodegenerative disease. PolyQ disease proteins undergo a conformational

change and accumulate within neurons as inclusions. AD is a complex disease

characterized by the misfolding of two disease associated proteins into plaques and

tangles. For the majority of AD cases that are not due to B-amyloid associated mutations,

the underlying cause is unknown. Therefore various techniques have been employed

within this research to investigate whether TBP plays a role in AD.

Chapter Three reports the use of the filter retardation assay, to investigate whether TBP

was present within AD brain in a form that would suggest its polyQ tract had undergone a

conformational change. This technique detects detergent insoluble protein and was used

within a cell culture model of SCAIT and within human tissue from HD, AD and control

brain. Chapter Four describes results from immunohistochemistry studies to identify

immunopositive TBP within brain tissue from AD patients, and to compare its

localization with that of Tau and p-amyloid positive structures. Fresh frozen tissue

samples from AD patients are used in western analysis of TBP and results are reported in

Chapter Five. Chapter Six describes results from studies where TBP and Tau proteins are

overexpressed in cell culture to investigate a direct interaction between the two proteins.

The hypothesis that TBP polyQ repeat length could have an effect on the presence or
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abseuee of AD led to a large scale geno,gping study of AD oohorts and results are

deseribed in Chapter Seven. A protein recently reportd to interact directly. with the

polyQ tract within TtsF is the focus of data described within Chapter Eight, where co-

exp.ression and reporter gene tanscriptional as$ays are undertaken. General materials ald

msthods used are outlined in Chapter Two, specific details are incorporated within

relevant ebapters. Each rezults ehapter conpludes with a discussisn and conclusions,

which are thsn drawn together in Chapter Nine, the genena[ discussion.
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Chapter Two- Materials and Methods

CnNPTER TWO

GeTERAL MATERIALS AND METHODS

Materials and methods used in this thesis are outlined below except where method

development was an aim of the chapter. Specific sample details are described within the

relevant chapters' Materials and Methods section. Buffers and solutions are described

within this chapter.

2.1 GSNERAL MerentALS

2,1.1 Human fissue used in this study

Human brain tissue for these studies was obtained fiom the New Zealand Neurological

Foundation Human Brain Bank (Department of Anatomy, University of Auckland).

Controls consisted of 7 neurologically normal cases (5 males and 2 females) aged 62 to

83 years (average 73.3 years), with post mortem (PM) delays of 8 to 19 hours (average

PM 12.7 hours). AD samples consisted of l3 pathologically and CERAD (Consortium to

Establish a Registry for Alzheimer's Disease (Mina l99l) confirmed cases (7 males, 6

females) aged 60-83 years (average 72.6 years), with PM delays of 3-34 hours (average

PM 15.7 hours). The University of Auckland Human Subjects Ethics Committee

approved all protocols used. Clinical and neuropathological information available for

these samples at the start of this work is summarized in Table 2.1. In most cases, fresh

frozen and fixed frozen tissue was available, allowing various analyses to occur within

the same brain. The young age of onset in case AZ42 suggests a non-sporadic form of

AD, although this could not be established as a family history was not recorded.
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Table 2.1 Human tissue samples used in this study.

Age at death, sex and hours post mortem delay are shown. Neuropathological features

were scored by Dr Beth Synk (Neuropathologist Auckland Hospital) and are included

where available. Further clinical information (age at diagnosis, estimated age of onset,

MMSE values, speech) was made available rvhere possible by Dr Phil Wood, the

geriatrician for many of the disease cases.

" Clinical notes indicate severe speech problems
" Mini Mental State Exarnination (MMSE- (Folstein, Folsrein et al. 1975) ) at diagnosis for AZ38 =lll,30,
AZ34=13/30

' NFTs : neurofibrillary tangles: l: mild, 2=moderate
" Neuritic : neuritic plaques: 2=noderate, 3:frequent
' Atrophy (cortical): l=nild, 2:nroderate, 3:severe
na = not available

ID
Brain

Bank ID
Death

vrs
Onset

Yrs

Diagnosis
vrs

sex
PM delay

hours
NFTsr

Neuritic
plaques2 AtrophyJ

A1 pZ17 61 na na F 34 2 3 1

A2 AZ20 72 63 64 F 3 2 .' 3

A3 AZ23 71 na na F 10.5 2 2 I
A4 AZ25# 73 -66 69 M 47 I 2 1

A5 AZ29 76 na 72 F 20 na na na

A6 AZ32 75 64 66 Fr 3 1 2 2

A7 AZ33 65 na na M 20 1 2 1

A8 M34* 74 66 71 F 18 2 2 2

A9 AZ37 83 na na M 4 1 2 3

A 10 AZ3g # " 80 69 75 M 5.5 2 3 2
A 11 AZ39 74 na na M 12 2 2 1

A.12 AZ42 60 45 48 M 7 1 3 3

A13 pZ43 80 na na M 21 2 2 1

c1 H113 6B M 19

c2 H120 62 M 11

c3 H86 74 M 15.5

c4 H109 81 M 8

c5 H1 10 83 F 14

c6 H131 73 M 13

C7 H122 72 F I
H121 H121 64 M 5

E44 E44 F <2 Aqe at surqery nol available
E62 E62 M <2 Aqe at surqery 40 vears
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2.1.2 Antibodies used in this study

Antibodies are listed below (Table 2.2), concentrations used are described within relevant

chapters. A blocking peptide (sc-204P) was available for pTBP, and was used for

specificity tests.

Table 2.2 Antibodies used in this study. Antibody names are used throughout this

thesis; antigen, host species and source are also shown. TBP : TATA binding protein,

Tau : microtubule associated protein t, HMG : high mobility group box I protein, HRP

: horse radish peroxidase, FITC: Fluorescein

Name Antigen - immunogen Host Supplier and Cataloque #

pTBP Human TBP - N terminal peptide aal2-29 Rabbit Santa Cruz sc-204

mTBP Human TBP - putative C terminal Mouse Santa Cruz sc-421

fTBP Human TBP - full length Rabbit Santa Cruz sc-273

nTBP Human TBP - N terminus aal-l8 Mouse Neoclone W0018

lc2 PolyQ - TBP N-terminus Mouse Chemicon MABl574
pTau Human Tau - C-terminal Tau Rabbit DAKO AOO24

mBA Human B-amyloid - residues 17-24 Mouse Chemicon MABl56l
mGFP Green fluorescent protein - full length Mouse Abcam ab290

rHMG Human HMGBI - full length Rabbit Abcam ab4446

mHMG Human HMGBI - full length Mouse Abcam abl1354

mACTIN Human B-actin - peptide of aal -14 Mouse Abcam ab6276

Hn675 Human huntingtin - N-terminal Rabbit Gift from Dr Leslie Jones

rHRP Ant -rabbit IgG HRP conjugate Goat Santa cruz sc-2004

mHRP Ant -mouse IgG HRP conjugate Goat Santa cruz sc-2005

rBIOsig Ant -rabb IgG Biotin conjugate Goat Sigma 87389

rBIOsel Ant -rabb Biotin linked Sheep Selenius 984135010

mBlOsel Ant -mouse Biotin linked Sheep Selenius 985033020

EAPamer Extra avidin peroxidase Amersham RPNIO5

EAPsig Extra avidin peroxidase Sigma 82886

TTEXRED Ant -rabb IgG Texas Red conjugate Donkey Rockland 611709127

rFITC Ant -rabb FITC Goat Sigma F9887

rAlexaRed Ant -rabb Alexa 594 conjugate Goat Molecular Probes Al l0l2
mAlexaRed Ant -mouse Alexa 594 conjugate Goat Molecular Probes A l 1 005

mAlexaGreen Ant -mouse Alexa 488 conjugate Goat Molecular Probes A l 1 008

rAlexaGreen Ant -rabbit Alexa 488 conjugate Goat Molecular Probes Al l00l
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2.1.3 Mammalian expression plasmids used in this study

Plasmids used throughout this thesis are listed in Table 2.3. The plasmid name in column

I is used throughout this thesis, referring to the construct and when in context, to the

resulting expressed protein. Detailed plasmid descriptions are given in Appendix II.

u Constructed in lab using 100GFP within eGFPNI (Kind gift from Don Love lab,
University of Auckland) as a template.
o Kind gift from Greg Sutherland, University of Auckland
" Kind gift from Matt During lab, University of Auckland

Table 2.3 Expression constructs used in this study.

Name Description Reference

TBP37 Full length human TBP 37 polyQ repeats (Reid 2003)

TBP48 Full length human TBP 48 polyQ repeats (Reid 2003)

TBP66 Full length human TBP 66 polyQ repeats (Reid 2003)

TBP9O Full length human TBP 90 polyQ repeats (Reid 2003)

Del Mut C-terminal truncated TBP 36 polyQ repeats (Reid 2003)

OGFP GFP with no polyQ repeats Reid, unpublished"

3OGFP GFP with 30 polyQ repeats at N-terminus Reid, unpublished"

lOOGFP GFP with 100 polyQ repeats at N-terminus Reid, unpublishedu

TBP36GFP GFP with TBP36 as N-term nal fusion nrotein Chapter Eight
TBP66GFP GFP with TBP66 as N-term nal fusion protein Chapter Eight
TBPgOGFP GFP with TBP90 as N-term nal fusion protein Chapter Eight
Tau Full length human Tau - 3R Gift Greg Sutherland'
GFPTau GFP with Tau as C-terminal fusion protein Gift Greg Sutherland'
HMG Full length human HMGBI Chapter Nine
Cre-Luc CRE elements upstream of luciferase Stratagene

CREB CMV driven CREB Gift Matt During lab"

46



Chapter Two- Materials and Methods

2.1.4 Buffers used in this study:

DNA running bulfer QAE)

40mM Tris, lmM EDTA pH 8.0, 0.ll% v/v glacial acetic acid

lVes ter n r u n nin g b uffer

25mM Tris, l92mM Glycine, l% SDS. No pH adjustment (pH 8.3).

We ste r n tr a nsfer b uffer

l92mM Glycine, 25mM Tris, 0.075% SDS. No methanol was used. No pH adjustment

(pH 8.3).

Tris buffered saline plus Tween-20 (TBST)

lOmM Tris, l50mM NaCl, 0.05% v/v Tween-20. pH adjusted to to 8.0 with HCL

Phosphate buffered saline (PBS)

137mM NaCl, 2.7mM KCl, 1.5 mM KHzPO+ 8.1 mM NazHPOa. pH7.4

PBST

PBS plus 0.1% triton X-100

PBS +azide

PBS plus lgram azide per litre

P hosp hate b uffer (0. 4 M)

75 mM NaHzPOq, 324 mMNazHPO+

B rain hom ogenizatio n b uffer

l50mM sucrose, lsmM HEPES pH7.9,60mM KCL, smM EDTA, lmM EGTA

One Complete Mini (Roche) proteinase inhibitor tablet added per 1Oml prior to use.
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2.2 GeTERAL Mernoos

2.2.1 lissue Culture

Mouse neuroblastoma cells (ATCC Number CCL-I31), are designated Neuro2A and are

an adherent cell line that show neuronal and ameoboid stem cell morphology. Cells were

maintained in 150m1 flasks at 37"C in 5o/o COz in 20ml of a DMEM (lnvitrogen) based

media. Cells were generally split twice weekly once confluent and 0.25% trypsin 0.03%

EDTA (Invitrogen) was used to detach cells. Tissue culturing techniques used were as

outlined in the ATCC manual. DMEM liquid media (Invitrogen) was used as a base, and

sterile supplements are added to achieve media suitable for Neuro2A cell growth. The

full media includes: l0o/o vlv Fetal calf serum, Penicillin-Streptomycin (each at 100 Units

per ml), lmM Sodium pyruvate (all Invitrogen) in DMEM.

Transfection

Fugene 6 transfection reagent (Roche) was used to transfect cells following guidelines

outlined by the manufacturer. Cells were plated at cell densities and in plate formats as

described within relevant chapters. Plated cells were then transfected at 24 hours when a

density of approximately 80% confluency had been achieved. Unless otherwise indicated

each well of a 96 well plate was transfected with 0.3pg DNA using 0.6p1 Fugene and

50pl serum free media (Optimem, Invitrogen). For transfection of cells in 24 well plates

where each well contained 40,000 cells at the time of plating, DNA amounts ranging

from I to 2.4 pg combined with 2 to 4.8 pl Fugene in 50pl Optimem was used, depending

on the specific experiment.

2.2.2 Transfected cell frlter retardation assay method

Neuro2A cells were plated on 35 mm diameter wells (6 well plates) and transfected with

4.5V9 of DNA. Each construct was transfected into five wells, and replicates pooled after

harvesting at 48 hours. For harvesting, cells were rinsed in PBS, incubated in trypsin for
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60 seconds, removed from plates using media, spun 5 minutes at 19009, washed in PBS

and respun. The pellet was resuspended in lysis buffer (50mM Tris pH8.8, l00mM

NaCl, 5mM MgCl,0.5Vo NP40, lmM EDTA plus protease inhibitors (Roche), incubated

on ice for 30 minutes, and spun at 20,0009 for 5 minutes. The resulting pellet was

resuspended in 20mM Tris pH 8, 15mM MgCl containing lmg/ml DNasel (Roche), and

incubated at 37oC for I hour. Aliquots were taken for quantification using the BioRad

protein assay (BioRad Laboratories), and solubilisation buffer was added to a final

concentration of 20mM EDTA, 0.05M DTT and 10% SDS. Samples were heated at 95o

for 5 minutes and loaded immediately, without chilling onto a 0.221tM cellulose acetate

membrane (Osmonics Inc., Minnetonka, MN) under vacuum using an Easy-TiterO

ELIFA system (Pierce, Rockford, IL). Each spot had 100p1 volume applied, containing

l5pg protein. Filters were briefly rinsed in 0.2% SDS, proteins were fixed by 20min

incubation in 0.5% gluteraldehyde, followed by three washes in I x TBST. Filters were

incubated with pTBP antibody at l:2000 in I x TBST, and then with rHRP antibody at

l:3000, to allow chemiluminescent detection (ECL Plus, Amersham, Buckinghamshire,

UK) of the SDS- insoluble proteins remaining on the filter. Replicate blots were also

incubated with other antibodies (mlC2 l:3000, mCFP l:1000) followed by mHRP at

l:3000.

2.2.3 Filter retardation assay on brain bank samples

The following protocol for human brain tissue is close to that suggested by Dr Kim

McGinnis (personal communication). It is an adaptation of their previously published

method (Huang 1998) from disease brain. Fresh frozen brain samples were homogenised

in 1 ml (l50mM Sucrose, l5mM HEPES pH7.9,60mM KCl, l5mM NaCl, 5mM EDTA,

lmM EGTA), containing protease inhibitors (Complete Mini; Roche) per 200mg of

frozen tissue. Triton X-100 was added to a concenhation of IYo and homogenates were

placed on ice for I hour prior to centrifugation at 20,0009 for l0 minutes. Pellets were

washed three times by resuspension in 60mM Tris and subsequent re-centrifugation for

l0 minutes at 20,0009. Washed pellets were resuspended in lml 10% SDS and heated

overnight at 95oC. Protein concentration was determined by DC protein assay (BioRad)

49



Chapter Two- Materials and Methods

and 100pg of protein was applied to 0.2pM cellulose acetate membrane (Osmonics tnc.)

in a total volume of l00pl l0% SDS using an Easy-Titer@ ELIFA system (pierce).

Filters were washed in 0.2% SDS, proteins fixed to the membrane by 20 minute

incubation in 0.5% gluteraldehyde, followed by washes in TBST. The filter happed

protein on cellulose acetate membrane was incubated with primary antibody (mpA

1:4000, rTau l:15000 or pTBP l:2000) followed by the appropriate HRp conjugated

antibody at l:5000, and chemi-illuminescent detection as described in Section 2.2.7

2.2.4 lmmunohistochemistry

Human tissue sections were cut to desired thickness on a chilled microtome (Zeiss) and

transferred to PBST for immediate use, or PBS azide for storage. On the day of use,

sections were incubated in 50Yo vlv methanol, 3.3Vo vlv hydrogen peroxide for 20

minutes, followed by three PBST washes. From this point they continued for antibody

visualization by either DAB or fluorescent techniques. Specific concenhations and

combinations of antibodies used are described within relevant chapters. All antibody

incubations were in immunohistochemistry buffer (PBST plus l% v/v goat serum and

0.04% w/v methiolate).

DAB visualisation

Sections were incubated in primary antibody for 72 hours rocking at 4oC. After washes in
PBST (x3), sections were then incubated in appropriate secondary antibody (biotinylated

if undergoing streptavidin incubation or HRP linked) and incubated overnight on a rocker

at room temperature. Unless otherwise stated, secondary antibody concentrations were

l:500 (biotinylated) or l:250 (HRP linked). Sections were washed in PBST (3x) and then

those requiring biotinylated secondary antibodies were incubated in a brand matched

EAP l:1000 for fourhours rocking at room temperature and washed in pBST. Sections

with HRP linked secondary antibodies were ready for DAB development after three

PBST washes. Sections were developed in DAB solution (0.05%w/v DAB(3,3'-
Diaminobenzidine tetrahydrochloride from Sigma), in 0.lM phosphate buffer plus 0.01%

v/v freshly added hydrogen peroxide) for 20 minutes, unless otherwise specified,

followed by washes in PBST. For detection using Nickel-DAB, nickel ammonium

50



Chapter Two- Materials and Methods

sulphate solution was added to DAB solution to final concentration of 0.04% just prior to

use. Sections were then float mounted onto glass slides in mounting solution (0.5Yo wlv

gelatine, 0.05% w/v potassium chromate) and left to air dry ovemight. Sections requiring

cell nuclei staining werc counterstained for 10 minutes in Nissl solution (90m1 acid

solution (3o/o v/v glacial acetic acid), l0 ml basic solution (1.4% w/v sodium acetate) plus

6 ml of a 2o/o wlv cresyl violet solution) prior to undergoing dehydration. All sections

were then dehydrated as follows: sequential immersion for 5 minutes each in; water,

75yo, 80yq 95Yo ethanol, followed by 2 x l0 minutes in 100% ethanol, and 3 x l0
minutes in 100% xylene. Slides were then coverslipped directly from the final xylene step

using DPX mountant (BDH). Slides were left to harden for 2 days prior to examination

under a light microscope.

Fluorescent samples

Sections were incubated in primary antibody for 3 nights rocking at 4oC. After 3 PBST

washes they were incubated in an appropriate flourescent secondary antibody overnight

in the dark, rocking at room temperature. Sections were then mounted onto clean slides in

water, and a cover slip applied over a drop of Citiflour (Agar Scientific). Coverslips were

secured by the application of nail varnish. Slides were then kept in the dark at 4"C, prior

to examination under epiflourescent or confocal microscopy.

2.2.5 Preparation of total protein homogenates

Middle temporal gyrus tissue was homogenised in 500p1 brain homogenisation buffer

containing proteinase inhibitors (section 2,1.4) per l00mg tissue using a microcentrifuge

tube homogeniser for approximately 60 seconds to achieve a homogenate of even

consistency, with no remaining solid tissue fragments. Triton X-100 was added to a final

concentration of lolo, samples mixed and incubated on ice for one hour. To this point the

method is identical to that used for the filter retardation assay. Samples were then mixed

and aliquoted into several microcentrifuge tubes for future storage at -20"C. Protein

concentration was quantified using Bradfords Protein Assay (BioRad) as per product

instructions. Samples were diluted l0 fold prior to quantification to dilute the detergent
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(Triton X-100) within the homogenates to a level tolerated by the assay. These samples

were designated total protein homogenates.

2.2.6 Preparation of soluble protein samples

The soluble fractions from the entorhinal cortex samples were prepared during the filter

retardation assay in section 2.2.3.In brief, entorhinal cortex tissue was homogenised in

500p1 of homogenisation buffer (section 2.I.4) per 100mg tissue with Triton X-100

added to lo/o, and incubated on ice for I hour. Samples were then centrifuged at 14,0009

for l0 minutes, and the supernatent collected. These supernatent samples were designated

soluble protein samples. Protein quantification was performed alongside the filter assay

samples, using the BioRad DC protein assay as per the enclosed instructions.

2.2.7 SDS PAGE

SDS PAGE gels were run using a BioRad Mini Protean II gel unit (BioRad). Quantities

and preparation of samples is described in each chapter. Unless otherwise stated, l0olo

polyacrylamide gels were used. The resolving gel contained l0% bis:acrylamide (37.5:l

ratio BioRad), 0.375M Tris pH 8.8, 0.1% SDS, with 34pl l0% ammonium persulphate

and 15pl TEMED added for every 10ml to facilitate polymerization. Stacking gel

contained 5% bis:acrylamide,0.l25M Tris pH 6.8,0.1% SDS, with 37pl l07o ammonium

persulphate and 7.21t1TEMED added for every 5ml to allow polymerization. Samples

were separated at 100V in western running buffer (see buffer recipes) for approximately 2

hours, or until desired separation.

After electrophoresis, gels were rocked gently in westem transfer buffer (see buffer

recipes) for 30 minutes prior to transfer to pre-wetted (sequential immersion in methanol,

water, transfer buffer) Immobilonru-P transfer membrane (Millipore) as per

manufacturer's specifications, using a wet transfer system (BioRad) with cooling inserts.

Transfer was performed at l00V for I hour. After transfer membranes were left to air dry

overnight, or for immediate use, were immersed for l0 seconds in methanol, and then air

dried for 15 minutes. Dry membranes were then wet (methanol, water, TBST) and
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incubated for I hour rocking at room temperature in TBST containing 5Yo wlv non-fat

milk powder. Primary antibodies were used at concentrations and for periods specified

within the relevant chapter section. All primary antibodies in this study were used in

TBST containing 5% non-fat milk powder. After primary incubations membranes were

washed for three x l0 minutes in TBST, and incubated with the appropriate species horse

radish peroxidase-conjugated secondary antibody. All secondary antibodies were used at

l:5000 unless otherwise specified. After a further three x l0minute washes in TBST,

membranes were incubated with ECL Plus (Amersham) as directed and exposed films

(ECL hyperfilm, Amersham) were developed using standard developing chemicals

(Kodak).

2.2.8 lmmunoctyochemistry

At designated time points post transfection media was removed from cells, they were

then rinsed gently in PBS and fixed for 30 minutes at room temperature in 4Yo

paraformaldehyde (BDH). After fixation cells were rinsed three times in PBS prior to

application of primary antibody rocking overnight at 4"C in immunocytochemistry buffer

(PBST plus l% v/v goat serum and 0.04% w/v methiolate). Following three l0 minute

PBS washes cells were incubated in an appropriate secondary antibody conjugated to a

fluorescent marker, again rocking overnight at 4oC in immunocytochemistry buffer. After

three l0 minutes washes in PBS, samples were kept in PBS in the dark at 4oC, prior to

examination under epiflourescent or confocal microscopy. Cover slip samples were

inverted over a drop of Citiflour and secured by the application of nail varnish.

2.2.9 lmmunoprecipitation

For immunoprecipitation of proteins from transfected Neuro2A cells, magnetic

Dynabeads Protein G (Dynal Biotech) were used as follows: Aliquots of beads were

washed four times in 0.5m1 phosphate buffer (0.1M pH 7.0, mix of NazHPO+ and

NaH2POa), each time being mixed and the liquid removed using a magnet (Dynal MPC).
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Beads were incubated with the appropriate primary antibody in as small a volume as

possible' Phosphate buffer was added to beads to be used for no-IP controls. Beads were

then incubated at RT for I hour in a microcentrifuge tube on a rocking platform.

Meanwhile cells were lysed in immunoprecipitation buffer (1.5% Triton-X 100, 75mm

Tris ph 7.0,225mM NaCl, with one Complete Mini proteinase inhibitor tablet (Roche)

added per lOml prior to use). Beads were then washed four times on 0.5m1 phosphate

buffer, then aliquoted for incubation with the appropriate lysate, after a quick spin at

2000rpm for I minute prior to addition to beads. Bead/lysate mixes were incubated at 4"C

in a microcentrifuge tube on a rocking platform for t hour, mixes were then washed four
times in 0.5m1 PBS. Subsequently one volume 2x Laemmli buffer was added, heated for
5 minutes at 95"C and the protein loaded directly onto SDS PAGE gels. proteins were

separated from beads during the boiling and denaturation, and beads were trapped within
the stack gel.

2.2.10 Electrophoresis of DNA

DNA was separated using Seakem LE agarose (Cambrex). Unless otherwise specified,

agarose gels were lYo wlv and in lx TAE buffer. DNA sample loading buffer (Sigma)

was added to the samples to lx concentration and DNA size standards used were lKb
plus or the DNA Lo Mass ladder (Invihogen). Unless otherwise stated the IKB plus

ladder was used. Samples were separated at 100V in Horizon gel tanks (Invitrogen). Gels

were stained for approximately 10 minutes after electrophoresis in TAE buffer containing

1.Spg/ml Ethidium bromide and visualised in a GelDoc imager (BioRad).

2.2.11 DNA sequencing

Sequencing throughout this thesis was performed by the author using a 3100 Genetic

Analyser (Applied Biosystems) with POP6 polymer and a 50cm capillary anay using

Dye Terminator version 3.1 chemistry and data collection software (Applied

Biosystems). Removal of unincorporated dyes was performed using either standard
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ethanol precipitation methodology or with CleanSeq magnetic beads (Agencourt). Data

was analysed using Sequence Analysis software (Applied Biosystems).

2.2.12 DNA ertraction from Brain bank tissue sampres

Approximately 200mg frozen cerebellar tissue was ground in liquid nitrogen using a

mortar and pestle and transfened into l5 volumes of DNA extraction buffer (1OmM Tris

pH 8.0, 0.lM EDTA pH 8.0, 20prg1ml RNase, 0.5% SDS). Samples were incubated for I

hour at 37oC, then proteinase K added to l00pg/ml and further incubated for 3 hours at

50'C. After cooling to RT, I volume of Tris equilibrated Phenol (Invitrogen) was added

and tubes rolled for l0 minutes. After a l5 minute spin at 50009 the aqueous layer was

transferred to a new tube and samples were further re-extracted I volume of

phenoVchloroform (50/50 mix) and re-spun at 50009 for 15 minutes. DNA was

precipitated by the addition of 0.27 volumes 7.5M ammonium acetate and 2 volumes

ethanol to the aqueous component, and spooled using a glass Pasteur pipette into a clean

tube. Spooled DNA was washedinT}Yo ethanol, allowed to air dry and rotated gently at

37'C for 2 hours in a frnal volume of I ml TE buffer. 5pl aliquot of each sample was

loaded directly onto a 0.8% agarose gel to visualize quality of DNA. Several samples

required the addition of further TE and resuspension as they were very concentrated.

Aliquots of the resuspended DNA were then quantified by spectrophotometry at OD26s,

and 260:280 ratios measured to gauge quality of DNA. At this point DNA was diluted to

50ng/pl aliquots and stored at -80"C.

2.2.13 Direct sequencing of PCR products for TBP alleles (Method 1)

To determine the TBP repeat lengths and haplotypes in the 13 disease and 7 control brain

samples, TBP alleles were amplified in reactions containing 100ng DNA, 200pM dNTPs,

2% DMSO, and 3.5 units Taq polymerase (HiFi, Roche) using primers previously

reported (Rubinsztein 1996). Cycling conditions were as follows: 94"C for 5 minutes,

then 35 cycles of 94'C for 30s, 62'C for 30s, and72 o C for I min, followed by72 o C for

4 minutes, on a GeneAmp 9700 machine (PE Applied Biosystems). Alleles were
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separated by electrophoresis in a mixture of lYo Seakem LE agarose, and,2o/o NuSeive

GTG (BMA) agarose, individual alleles excised and gel extracted (Qiagen Gel extraction

kit, Qiagen) for direct sequencing on an ABI 3100 Genetic Analyser (Applied

Biosystems).

2.2-14 Direct sequencing of pcR products for ApoE alleles
To determine the ApoE allele state in our 13 disease and 7 control brain samples pCR

products were generated and alleles were sequenced simultaneously. ApoE2, 3 and 4

alleles can be distinguished by single base pair differences, within codons 130 and 176 of
the reference sequence NM-000041, which is the precursor sequence for ApoE. ApoE

alleles were amplified in 50pl reactions containing l00ng DNA, 200pM dNTps, 2%

DMSO, and 3.5 units polymerase (HiFi, Roche, Switzerland) using primers ApoE5(5'-

TCGGAACTGGAGGAACAACT-3') and ApoE3(5'-ACTGCCCATCTCCTCCATC-

3'). Cycling conditions were as follows: 94oC for 5 minutes, then 35 cycles of 94oC for
30s, 60oc for 30s, 72"c for I min, followed by 7z"c for 4 minutes, on a GeneAmp 9700

machine (Applied Biosystems). Initially, magnesium concentrations were as per the

standard buffer mix (2.5 mM), however optimization was required to achieve a 440bp
product. Magnesium was used between the ranges of 0.9mM and l.5mM MgCl2. pCR

products were purified (Qiagen PCR purification kit, Qiagen) and an aliquot separated on

I o/o agarose gels for visualization prior to direct sequencing on an ABI 3100 Genetic

Analyser (Applied Biosystems).

2.2.15 sequencing of individualty croned rBp ailetes (Method 2)

Several results from the direct sequencing of gel separated TBP alleles were ambiguous,

therefore subcloning of the TBP alleles from these samples into a vector to allow
sequencing of individual clones was required, Samples subjected to this method were A2,
47, A8, 49, A10, Hl and H3. PCR products from these templates were purified and

eluted in 30pl TE. An aliquot of the purified PCR products were separated on 4yo agarose

gels for an estimation of the DNA quantity by loading 2pl of a DNA low molecular

weight mass ladder (Invitrogen). Subcloning into pGEM-T vector (promega) was
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performed as directed in product insert by combining 2pl PCR product (approximately

6ng), lpl pGEM-T vector (54ng), 5pl 2x pGEM-T buffer, lpl ligase, lpl water and

incubating overnight at 4oC. Resulting ligation products were transformed into

XLl0Gold chemically competant cells as follows: 5pl ligation products into 50pl just

thawed competant cells incubated on ice for 30minutes, heat shocked in a 42oC waterbath

for 30 seconds, 800p1 LB (Luria broth, Invitrogen) added and shaken at 250rpm in 37oC

incubator for I hour. Both 100p1 of this broth and all remaining cells pelleted at 1000

rpm for I minute were spread onto LB AMP (100frg/pl) plates containing XGaI/IPTG

and incubated upside down at 37oC overnight. LB AMP plus IPTGD(GaI plates were

made as previously described (Sambrook 2001). l0 single white colonies from each brain

DNA sample were picked into 5ml LB broth plus AMP l00ug/ml and shaken at 250rpm

in 37'C incubator ovemight. DNA was isolated from 3ml of each subclone culture using

QiaQuick minipreps (Qiagen) resulting in a final volume of 50pl plasmid DNA. DNA

was digested to release the insert DNA in reactions as follows: 2pl plasmid DNA, 2pl

buffer H (Roche),0.5p1 NcoI,0.5pl PstI, l5pl water and digested for2 hours at37"C.

l4pl of each digest was loaded onto Zoh agarose gels to allow visualization of TBP

alleles. DNA samples were then sequenced with T7 primer using ABI 3100 Genetic

Analyser (Applied Biosystems), and resulting sequence lengths of each subclone could be

visually verified against agarose gel indicative lengths.

2.2.16 Optimisation of ABI3100 test for TBP locus

When the large association datasets became available it was apparent a higher throughput

technique for TBP allele genotyping would be necessary. Previous results from

genotyping of the brain bank samples demonstrated that direct sequencing of PCR

products could be ambiguous, and individual subcloning much too time consuming for

large datasets. It was decided to use the ability of the ABI3100 Genetic Analyser to easily

distinguish small differences in allele length. The ABI3l00 is used in other laboratories

for polyglutamine allele length genotyping, however issues with false calling of

homozygotes can sometimes be a complicating issue (Mark Rees, personal

communication). Therefore thorough method development was undertaken in order
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obtain a reproducible and accurate TBP allele genotyping test using the ABI3l00 in our

laboratory.

A range of TBP polyQ oDNA construct and genomic DNA samples were used to set up

the genotyping assay. tnitially, TBP cDNA constructs with known polyQ repeat lengths

(as determined by sequencing) were used to ensure size calling was accurate. This was

the most simple calibrating method to use, as only a single allele is present within the

plasmid. After this familiarization, ganomic DNA samples from the brain bank were used

to optimize reactions.

2.2.17 Fragment analysis using 3100 (Method 3)

Optimization of conditions as described in the previous section, resulted in the following

PCR protocol: PCR reaction volumes of 30pl contained 40ng genomic DNA, 200pM of

each dNTP, 15 pmoles of each primer, l0% DMSO and 2.5 units of polymerase (Expand

Hi-Fi, Roche) in lx HiFi buffer containing magnesium. Thermocycling conditions were:

94"C for 4 minutes, 35 cycles of 94'C lmin, 62'C 30s, 72oC lmin, then 72oC for 4

minutes and 15oC hold. Samples were then diluted to l:10 and 1:20 in water, and product

lengths determined by separation on the 3100 Genetic Analyser using a 36cm array,

POP4 polymer and internal GS400ROX size standards (Applied Biosystems). Genescan

data was analysed using Genotyper software, data transferred to spreadsheet format

(Excel) and repeat lengths calculated from fragment length data. Repeat length confrols

(Genomic DNA samples with known TBP alleles) and plate controls (positive and blank

controls, were distributed on each plate by the Cardiff group) were included in each set of

data to confirm base calling accuracy. Any ambiguous results, eg peak height (signal

strength) of less than 500 or failed reactions, underwent repeat reactions. Several samples

were randomly selected from each of the eight 96 well plates and repeated, to confirm

accuracy and plate positioning. In addition, all samples resulting in a homozygous result

were repeated, this allowed the verification of homozygosity as well as providing

additional repeatability checks. The disease status of the samples was unknown until all

data was collated. At this point a data file from the Cardiff collaborators was received,
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containing disease status and plate layout, allowing alignment of the plate controls

(positives and blanks) with genotyping results. Within each of the eight sample plates

were 45 patient and 45 control DNA samples, with control samples (blanks and positive

controls) filling the plate to 96 wells.

DNA samples (200ng) from Cohort A were received as four 96 well plates of lyophilized

pellets. Four randomly selected samples within one plate were resuspended in 25pl TE,

incubated at RT with gentle rocking for 3 hours and PCR reactions performed to ascertain

that sufficient DNA was present for successful analysis. It was evident that insufficient

DNA was present for sucessful PCR reactions in two of the four randomly chosen

samples. Subsequently, all plates had 251t1 TE added (final concentration 8ng/pl) and

were incubated at RT for 24 hours, frozen at -20"C, thawed, followed by 4 hours rocking

at RT to ensure complete resuspension of lyophilized DNA pellets.

A second cohort of DNA samples, Cohort B, collected with the same criteria as cohort A,

was made available to us 8 months after cohort A. 250ng of lyophilized DNA pellet was

shipped in four 96 well plates as before. Samples were resuspended in 3lpl TE pH:8.0

(final concentration 8ng/pl), rocked gently for 6 hours at room temperature, then frozen at

minus 20oC, and thawed with a further three hours rocking at room temperature to allow

complete resuspension of the DNA. As with Cohort A, disease status for each DNA

sample was not known until all genotyping was complete.

2.2.18 Analysis of AD assocration dafasefs

Data was collated using Microsoft Excel spreadsheets, allowing TBP alleles to be

matched with existing clinical information (disease status, age of onset, sex, ApoE

alleles). Basic statistical analysis and chi-squared tests were performed within Excel. The

statistical package R (Ihaka 1996) was used to undertake Mann Whitney non parametric

tests. Statistical advice and results requiring the statistical package R was kindly provided

by Dr John Pearson (Biostatistical Scientist, Vialactia Biosciences Ltd.).
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2.2.19 Construction of HMGBT mammalian expression clone

HMGBI insert preparatioz.. Standard protocols rvere used to produce oligo-dT primed

cDNA from 3pg total RNA using Superscript II (lnvihogen). HMGBI PCRs were

performed using HMGS' and HMG3' primers listed in Chapter Eight Section 8.2.1. PCR

reactions contained 2.5 mm MgCl, 0.8mM dNTP's, 2 or 4pl cDNA (generated as above),

400nM each primer, 0.5p1 Amplitaq gold polymerase (ABI) in its buffer, plus water to a

total volume of 50prl. Cycling conditions were 94oC for 5 minutes, then 35 cycles of 94oC

for 30s, 55'C for 30s, 72oC for 30s, followed by 72'C for 4 minutes, on a GeneAmp 9700

machine (PE Applied Biosystems). A 5pl aliquot from each reaction was electrophoresed

on a l%o agarose TAE buffered gel. The remaining 45pl of PCR product was purified

(Qiagen PCR purification kit, Qiagen) and digested with HindIII and EcoRI restriction

enzymes (Roche) for 2 hours at 37oC in a total volume of 80p1. After purifrcation,

(Qiagen PCR purification kit, Qiagen) a 5pl aliquot was electrophoresed on a lo/o agarose

TAE buffered gel alongside the prepared vector (below) and a DNA Lo Mass ladder

(Invitrogen) to allow quantification of products prior to ligation.

Vector preparation.'3 ug of the pcDNA3.l (+) vector was digested with HindIII and

EcoRI restriction enzymes (Roche) for 4 hours at 37"C in a total volume of 80p1. The

entire digest was electrophoresed on a lo/o agarose TAE buffered gel, and the digested

vector cut from the gel and purified (Qiagen Gel Extraction kit, Qiagen). An aliquot was

loaded alongside the prepared insert (above).

Ligation: Ligations were performed in 20pl reactions using insert and vector DNA at

approximately 3:1 molar ratios and lpl T4 DNA ligase used as directed (NEB).Reactions

were incubated overnight at 16"C.

Transformation: Five microlitres of ligation reaction was transformed into 100p1 DH5c

chemically competent cells (lnvitrogen) by 30 minutes co-incubation on ice, 45 seconds

heat shock at 40oC, ice incubation 2 minutes, adding 900p1 LB followed by I hour

incubation at37 and plating onto LB agar plates containing ampicillan (l00pg/ml).

Screening of colonies.' Potential clones were ssreened for inserts by picking into l5pl LB

plus amp and lpl was used in PCR reactions with HMG primers and conditions as above.
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In addifion clo.nes srere sc:reened $rith T7 and BGH primers looated \n'ithin the pcDNA3,l

vestor otrtside of the IIII{G insertionn allowing:an intemal oontrol fur eaoh colony.20 pl

of eaBh reaction was elech,ophoteced o.a a l7o agaros€ TAE buffered gel, Positivo clones

were strealrcd on Lts plates with the appropriate antibioJio, and single oslonies used to

inoculate 5tnl LB broth cultures whioh w,ere shakerr at 225rpm 37'C fbr:8 hsurs prior to

a 1:500 dilution into 25 ml L B broth fu-lus antibiotio), These cultures were then used for

hieh quahty pksrdd preparation (Qiagen Midiprep DNA k4 @geq), qu ed and

seqrrcnce sonfiruled using veotq p-rimcns rmd a Dye Teminator sequericing kit version

3.1 on a 3100Genetie .A,nalyserusingPoP and a 50em eapillary array(ABI).
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GnNPTER TNREE

DerecnoN oF TNSoLUBLE TBP ln rHE
SGAI 7 naooEL AND rN DISEASE BRATN

3.1 OvERVTEw

As outlined in Chapter l, TBP contains a long polyQ tract that can expand to cause

SCAl7, a neurodegenerative disease that, like other diseases with this mutation, displays

an inverse repeat length - age of onset correlation, Insoluble protein deposits accumulate

in polyQ diseases and also in AD; it was hypothesized that the long normal TBP repeat

may accumulate in a late onset disease such as AD. To investigate the presence of

misfolded TBP within AD brain, a method was required that was capable of detecting

insoluble proteins within human disease tissue. It is difficult to detect insoluble protein as

standard methodologies are generally designed for soluble proteins. A filter retardation

assay has been used by other polyglutamine disease researchers in cell culture

experimental systems and within human disease brain (Huang 1998, Wanker 1999). This

assay utilizes a cellulose acetate membrane that has low protein binding affinity, allowing

soluble proteins to pass through the membrane pores (0.22uM) under vacuum filtration,

trapping insoluble proteins. The proteins are then fixed to the membrane, allowing

subsequent detection by antibodies. This detection relies on the availability of the

antibody epitope, which may not be exposed in an insoluble protein.

Transfected cell lysates from the TBP expanded clone SCAIT model (Reid 2003) were

used to develop the filter retardation assay for use in our laboratory. Then, HD tissue was

used to optimize this assay in our lab for brain homogenates, as the detection of insoluble

proteins by this method had previously been reported (Huang 1998). In addition, within

the brain bank, more HD middle frontal gyrus tissue is available than AD hippocampus
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tissue, allowing optimization of this method for our proteins of interest, with minimal

precious tissue wastage. After optimization for brain samples, the assay was performed

on AD samples from the Neurological Foundation Brain Bank,

3.2 MRTERTALS AND METHoDS

3.2.1 Sef up of retardation assay apparatus

Initial attempts at using this method indicated that a reliable vacuum source was essential

to allow even transfer of cell lysates through the membrane. Early failed attempts led to

the purchase and successful use of the Easy-Titer@ ELIFA system (Pierce). It is critical

that all samples pass through the membrane under vacuum in a similar amount of time, as

excessive vacuum in one region of the membrane, whilst waiting for other lysates to pass

through led to poor results. The optimum time for complete transfer of all lysates was

within I minute. Much of the early learning process with this assay was made possible as

a result of a working visit to Dr Marcy MacDonald's laboratory in Boston, where the

assay has successfully been used (Huang 1998). In particular, Dr Kim McGinnis from Dr

MacDonald's laboratory demonstrated to m€ the ability of this method to detect the

accumulation of detergent insoluble proteins in a length dependant manner, using

GST:polyQ fusion constructs.

3.2.2 Filter retardation assay optimization for disease brain fissue

An early experiment at the start of this work, had investigated the effect of Triton-X 100

addition (+ / - Triton), concentration of SDS (0.05, 2, lQYo) and boiling time (1 hour,

overnight) on the ability for detergent insoluble huntingtin to be detected. The presence

of triton or the time of boiling had little effect, but it was clear that SDS concentration

had an effect (data not shown). Therefore, a more thorough investigation of the effects of

SDS concentration was performed using HD tissue. The filter retardation assay for brain

tissue (as described in Chapter Two, section 2.2.3) was used on middle frontal gyrus
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tissue from two Huntington Disease brains (HC77, HC87) and two control brains (H109,

Hl08), with a range of SDS concentrations (2-18% instead of l0%) used for the

overnight boiling step. The disease brains were both Grade 4 HD, and clinical details

have been published by our group (van Roon-Mom 2002). This experiment was to

determine if there was a particular "window of insolubility'' in which it was possible to

detect/not detect TBP. After the final pellet washing step, samples were split into aliquots

to allow seven SDS concentrations to be used for the overnight boiling step. The next

morning duplicate filter assay blots were generated with each spot containing l00ug

protein within SDS of the same concentration as its overnight incubation, and were

subsequently incubated with pTBP l:2000 or Hn675 l:5000 primary antibodies, followed

by incubation in rHRP l:5000 and ECLplus detection.

For optimization of the filter assay method in Alzheimers disease tissue, hippocampus

tissue from three disease (A3, ,46, Al l) and one control (C5) brains was processed as

above, again with the range of SDS concentrations. A fourth disease brain was included

in these blots (A235, from an 8l year old male). This sample was diagnosed as having

non-specific frontal lobe dementia, and has been included here for comparison only.

Duplicate blots were incubated with pTBP l:2000 or mpA 1:4000 primary antibodies and

processed as previously.

3.2.3 Quantification of optical densities

To quantify the levels of detergent insoluble protein detected by the filter retardation

assay, films were captured at low power using a Leitz Diaplan microscope with attached

video and images were processed to the MD30plus Image Analysis software program

(Leading Edge). Linear range exposures were used, and the resulting relative optical

density takes spot area and average intensity into account. Background adjustments were

made around each spot. Raw data was adjusted to be presented as a percentage of the

highest value for each antibody.
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3.3 ReSULTS

3.3.1 Detergent insoluble TBP is detected in a repeat length dependant

manner in the SCAI7 cell culture model

To determine if transfected mammalian cells expressing expanded TBP protein constructs

would result in accumulated detergent insoluble TBP protein, cell lysates from the

SCAIT model (Reid 2003) were used. Constructs expressing full length human TBP

canying a range of polyQ repeats (31-90), as well as an N+erminal deletion mutant

carrying the wild type repeat length of 36 glutamines. For details on the SCAIT cell

culture model, see Chapter One, sectionl.4.3, for construct design see Appendix II. The

filter retardation assay was used to trap SDS-insoluble protein onto a low affinity

cellulose acetate membrane. For methodology of the filter assay on transfected cells see

Chapter Two, section 2.2.2.

SDS-insoluble TBP protein is increasingly detected from TBP48 in samples resuspended

in l0%o SDS (Figure 3.lA). As repeat length increases, the amount of detectable SDS-

insoluble protein increases, and is particularly high in protein samples produced from

TBP83, 85 and 90 expressing cells. A large amount of TBP36 deletion mutant (del) is

detected as insoluble. Unlike reports from disease brain or GST:polyQ tract fusion

proteins (Huang 1998, Scherzinger 1997), the long repeat proteins (TBP90 and 100GFP)

can be detected by ICZ antibody as SDS-insoluble (Figure 3.lB). This suggests a less

ordered structure is being formed in our cell culture model; the epitope for lC2 is the

polyQ tract, hence at least a proportion of the tract within TBP90 and IOOGFP must be

available for detection. As expected, SDS-resistant l00GFP (weakly detectable by lC2,

Figure 3. lB), is not detected with the TBP antibody (Figure 3.lA-indicated by c).

Likewise, SDS resistant TBP90 is not detected by a GFP antibody (data not shown). The

supernatant prior to pellet resuspension in l0% SDS was also applied to the membrane

for comparison; a small amount of insoluble TBP90 is present within this supematant

sample (Figure 3.1A).
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A gr 36 97 /t4 48 ss s6 6G 84i BS 9o del

1070 SDS
Insoluble

supernat€nt

Ogfp 100gfp

sDs
lnsoluble

Figure 3.1 Filter retardation assay to detect insoluble protein. l5ug of protein

extracted from transfected Neuro2A cells was applied by vacuum to cellulose acetate

membrane and subsequently detected by pTBP (A) or lC2 (B) antibodies. Numbered

samples represent repeat length within TBP, with del being expressed protein from the

TBP36 deletion mutant plasmid. Dashes above spot indicate loading position. Control

protein samples in A are represented by c (i, ii, iii for Lacz, 0GFP and lOOGFp

respectively) under the loading spot. The protein extract loaded onto the membrane is

indicated on the right.

3.3.2 Detergent insoluble protein is present in HD brain and is sensitiye fo
SDS concentration

Samples from both of the HD brains (HC77 and HC87) revealed detergent insoluble

huntingtin (Htt) (Figure 3.2A) and an increase in Hn675-detected Htt was noted as the

SDS concentration increased. Hn675 recognises an epitope near the N-terminus of Htt,

the polyQ tract is from residue 18. The highest level of Htt detection in these middle

frontal gyrus tissues was achieved at about 15% SDS. Poor results were seen at SDS

Ievels of 2o/o and 5Yo, but Htt was easily detected at SDS concentrations between 8 and

l8%. Similarly, detergent insoluble TBP was detected in both disease brains, and again,

some increase was seen at the higher SDS concentrations (Figure 3.28). As with Htt,
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Chapter Three - Detergent insoluble TBP

detergent insoluble TBP was readily detected at SDS concentrations between 8% and

l8%. For both antibodies, levels of detection in control brains were low, and considered

background.

HC77 HC87
%sDs
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to

12

l5

{8

Huntingtin coomasSre

Figure 3.2 Detergent insoluble protein in Huntington disease brain. Brain

homogenates from middle frontal gyrus were boiled overnight at various SDS

concentrations (2-18 %SDS) applied to filter and probed with A Hn675 antibody, B,

pTBP antibody and C. stained with Coomassie blue dye. Filters in A and B are

duplicates, C is filter A after Coomassie staining. Film exposure times were l5 seconds

and2.5 minutes for Htt and TBP respectively.

After antibody detection blots were stained in Coomassie Blue stain, to gauge levels of
protein present in each spot (Figure 3.2C.). Protein amounts were relatively even in all

samples indicating that the SDS and disease effect seen was not simply a reflection of

differing levels of trapped protein. In addition, the levels of total protein measured using

the DC protein assay, after the SDS incubation, were similar in both disease and control

brain samples. A second TBP antibody (nTBP at l:3000), also to the N-terminus of TBP

cBA

nf

oo
ol
ao
oo
oo

OO
lo*
oo
ao
ol

67



Chapter Three - Detergent insoluble TBP

was used on a duplicate blot (data not shown), confirming that detergent insoluble TBP

was present at higher levels in both HD brains, than in conhols. The effect of SDS

concentration on detection level was not evident for this antibody. Longer exposure

times were required and the background was significantly higher, also, because this

antibody was expensive, only the pTBP antibody was used for later experiments. Two

other TBP antibodies, lC2 (with a polyQ repeat epitope) and mTBP were also tested for
use in brain tissue filter assays, a complete absence of signal was noted. In addition, the

use of a collagen antibody as a loading control resulted in no signal, therefore Coomassie

staining of blots after antibody incubations was used to determine actual protein amounts

bound to the membrane.

In early experiments the flow-through liquid that passed through the cellulose acetate

membrane was collected; this was loaded onto westerns and detected by relevant

antibodies' Very little protein was detected in this manner (data not shown), suggesting a

good separation of insoluble protein lrom insoluble protein at the high speed

centrifugation step. Due to the lack of informativeness and difficulty of collecting the

flow-through this was not performed for most experiments.

3.3.3 Detergent insoluble proteins are present in AD brain and detection is
less sensitive to SDS concentration

One of the AD brains used for the optimization filter assay displayed readily detectable

detergent insoluble TBP (A6), brain Al I revealed much less. Brains ,{3, the frontal lobe

dementia sample (fld) and the control brain C5 appeared to be at background levels
(Figure 3.3A), reflecting the relatively long exposure time for this film (3 minutes). A
different and less pronounced effect of SDS concentration was seen than with the HD

tissues, lower levels of SDS resulted in the detection of more TBP than high levels.

Detergent insoluble B-amyloid was readily detected in all three of the AD confirmed

disease brains (Figure 3.38) and while some variability in levels was noted, there was no

consistent effect of SDS concentration. p-amyloid was not detected in the frontal lobe
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dementia brain (fld), the neuropathology report for this brain revealed an absence of B-

amyloid plaques or Tau positive tangles. Some samples demonstrated "cracking" where it

appears that physical damage to the spot after fixation to the membrane has caused

patchy immunostaining (eg. Fig 3.3 TBP sample C5, 8% SDS). Care was taken with

handling membranes after this observation. It was decided at this point to use l0% SDS

for all further filter assavs.

AB
A3 A6 frd A{{ C5 A3 A6 ftd A{1 C5

\€ I t lo a a

t O o rlOo o
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TBP p-amyloid

Figure 3.3 Detergent insoluble protein is detected in AD brain. Brain homogenates

from hippocampus were boiled overnight at various SDS concentrations (2-18 %SDS)

applied to filter and probed with A. pTBP antibody and B. mpA antibody. Filters in A

and B are duplicates. Three AD brain samples (A3, A6, All) one frontal lobe dementia

sample (fld) and one control sample (C5). Film exposure times were 3 minutes for pTBP

and I second for mpA.
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3.3.4 Filter retardation assay on AD brain bank samples

To determine the presence of detergent insoluble proteins within AD brain,

approximately l50mg of hippocampus/entorhinal tissue from all available samples were

processed as described in methods section, using 10% SDS for the overnight incubation

(13 AD and 7 control cases, see Chapter Two, Table 2.1 for clinical data).
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Figure 3.4 Detergent insoluble proteins in AD brain. Detergent insoluble protein in

hippocampus tissue from 13 disease andT control brains was detected by A. B-amyloid,

B. Tau and C. TBP antibodies in three replicate blots. Samples were boiled overnight in

l0% SDS and insoluble protein happed on a cellulose acetate membrane by vacuum

filtration. Exposure times after chemi-illuminescent detection ranged from 1-10 seconds

for all blots. Black dashes indicate sample position.

Insoluble pA was detected in all AD samples and at low levels in three of the controls

(Figure 3.4A). Insoluble Tau was also detected in disease samples, displaying more

relative variability in levels than BA and was absent in controls (Figure 3.4B). Detergent

insoluble TBP was detected in 10 of the l3 disease hippocampus samples, and was not

c
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evident in controls (Figure 3.4C). Interestingly, TBP levels were variable in disease

samples. Consistent with results seen in Figure 3.3A, detergent insoluble TBP was readily

detected in sample A6, low in All and nor apparent in A.3. Levels of detected TBP

within a particular brain showed some similarities to levels of detected Tau, although the

lack of similarity seen in brains A2. A3, ,{4 and All suggest Tau does not define detection

of TBP. All of the AD samples contained detectable SDS insoluble BA, Tau or both.

3.3.5 Relationship between detected detergent insoluble proteins

After signals from the films in Figure 3.4 were quantified, TBP relative intensities were

compared to those of Tau and B-amyloid. As is readily visible within Figure 3.4, levels of

B-amyloid are not significantly correlated to those of Tau (r2 : 0.083, p value = 0.343),

nor are B-amyloid levels significantly correlated to TBP levels (r2:0.19, p value =

0.136). Some significant correlation exists between insoluble TBP and Tau (Pearsons

correlation coefficient r:0.659, r2:0.435, t-value 2.91, degrees freedom ll, p-value

0.0142 for a two tailed test), resulting in 43.5% ol the variability in TBP being explained

(Figure 3.5). Therefore TBP and Tau insoluble protein levels are more interdependent

than TBP and B-amyloid levels, but Tau does not completely determine levels of TBP.
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3.4 DlscusstoN

The filter retardation assay was successfully used to detect insoluble proteins within

transfected cells from the SCAIT cell culture model and in human brain tissue samples.

The opportunity to learn the method in another lab greatly accelerated the process, as

initial studies in our lab had been attempted with inferior vacuum blot systems, resulting

in inconsistent and ambiguous results.

Use of the SCAIT cell culture model has demonstrated the relationship between polyQ

repeat length and detergent insolubility. The full length human TBP proteins become

progressively insoluble with increasing polyQ length (Figure 3.1). Previous studies have

indicated that short GST: polyglutamine tract fusion proteins are trapped by the filter
retardation method (Huang 1998, Scherzinger 1997), and here full length TBP protein

containing an expanded polyQ tract is also captured by this method. Flanking protein

plays a major role in determining solubility, hence it is significant that TBP insolubility is

reported here within the context of the full-length protein. Interestingly the deletion

mutant, carrying 36 glutamines and lacking the C-terminal domains of the protein,

became relatively highly insoluble. This demonstrates the importance of flanking protein,

the polyQ tract (36 repeats) makes up 27.9%o of the deletion murant protein (Figure 3.6), a

higher proportion than within even TBP90 (23%). Detergent insoluble TBP is detected

after expression of TBP48 (13.7% polyQ tract), but not in wild type length TBP36 where

10.6% of the total protein is within the polye tract.
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337
Wild type TBP

del mut TBP
15893
E

Figure 3.6 Schematic of the wild type TBP construct and deletion mutant. The

polyQ tract, 36 repeats for both constructs is coloured green, the flanking protein blue.

Dark blue indicates residues homologous to human TBP. light blue indicates non-TBP

residues generated as a result of the cloning of the deletion mutant construct (for details

see (Reid 2003). Amino acid residues are numbered for a protein containing 36 repeats.

Optimization of the protocol using brain bank samples ensured that appropriate

conditions were used for the proteins of interest. The optimum SDS concentration was

found to vary with both target protein and disease sample, for example, TBP was readily

detected in HD brain (Figurc 3.2), but only when processed with SDS concentrations of
8%o or higher, whilst in AD brain TBP was readily detected at all SDS concentrations

(Figure 3), although lower concentrations resulted in slightly better sensitivity. A
concentration of l0% SDS was chosen for all t-uture assays, as this had been readily

detectable in the samples tested, and was the same as that used within the Boston research

group (McGinnis, personal communication). Further HD brains have been analysed using

this assay (at 10o/o SDS) showing the presence of detergent insoluble TBP and huntingtin

protein within disease brains of Grade l-4 (van Roon-Mom 2002), this publication is

attached in Appardix IV.

Detergent insoluble TBP was detected within most of the AD brain samples tested. This

is a novel finding, and supports the hypothesis that TBP may undergo a conformational

change in AD brain. The repeat length dependence seen in the SCA l7 model in Figure

3.1, would indicate the detergent insoluble properties of wild length TBP in AD brain
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may be due to polyQ conformational changes. This is supported by the detergent

insolubility of the TBP deletion mutant protein canying 36 repeats. The studies presented

here were performed on tissue taken from the hippocampus/entorhinal cortex region. It
would be interesting to examine the level of detergent insoluble TBP throughout other

brain regions. In addition, detergent insoluble Tau and B-amyloid proteins were readily

detected with this method. After quantification of signal from the three proteins, attempts

to correlate the relative signals were made. Levels of detergent insoluble TBP are

significantly correlated to those of Tau, with 43o/o of the variability in TBp levels

explained by levels of Tau.

Attempts to examine the soluble proteins that pass through the membrane by western

analysis proved to be of very limited value. In other experiments where GST:fusion

proteins are cleaved in a digestion reaction with no centrifugal separation of insoluble

protein (performed whilst learning the filter assay method in Boston), western analysis of
the flow through fraction were informative and quantitative, allowing comparison of the

effectiveness of various digestion periods (data not shown). It is probable that the sample

preparation methods used in this thesis have meant that little soluble protein remains in

the aliquot that passes through the filter.

It must be noted that a failure of any given antibody to detect an antigen in this assay is

difficult to interpret, as the antibody epitope needs to be exposed; within insoluble

proteins these regions may be unavailable. Therefore, care must be taken to not over-

interpret filter assay results, even when a positive signal is achieved, as it is possible that

only a proportion of the trapped protein of interest is being detected, and these

proportions may differ between individual brain samples. The lC2 antibody, raised to the

polyQ tract within TBP did not detect filter trapped TBP from brain tissue, perhaps

unsurprisingly, as this region of the protein is likely to be key to the insolubility of the

trapped TBP. It has been suggested that polyQ repeats form ordered B-pleated sheet

structures (Perutz 1996) which is likely to exclude antibody detection. Within the SCAIT

model, expressed TBP90 protein was detected by lC2 (Figure 3.lB) but not TBP36 or
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TBP66. The aggregation of protein in cells expressing TBP90 is rapid (see Chapter Eight,

Figure 8.6) with potentially less order in the resulting structures than those likely to occur

in a late onset progressive human disease. The putative C-terminal TBP antibody

(mTBP) did not detect trapped TBP. However, conclusions regarding the presence of full

length TBP within the happed protein from human brain cannot be drawn due to the

difficulty of distinguishing the lack of an epitope from the inability of the antibody to

bind to it. Epitope location for the mTBP antibody has been inferred as being after

residue 97 from its inability to detect the deletion mutant protein in

immunocytochemistry (Reid 2003). The epitope for pTBP is between residues 12 and29,

insolubility of the TBP protein, either as a result of expansions within the SCAIT model

or within AD brain tissue does not exclude the antibody from its epitope, despite its

apparent proximity to the polyQ repeat (Figure 3.6). Another TBP antibody, nTBP, with

an epitope within the first 18 amino acids of TBP (very near to the epitope for pTBP)

resulted in a positive signal, although not as sffong as that achieved with pTBP.

At the time that these experiments were performed there were no publications reporting

the detection of insoluble proteins in AD brain using this assay. However, the detection

of detergent insoluble Tau and p-amyloid from AD tissues has since been reported (Xu

2002), although with very significant methodology differences. In their paper, tissue

samples are homogenized in PBS, spun at 30009 for 5 minutes, and supematants

quantified, made to l% SDS (0.1-5% tested also) and applied to the membrane. In effect

total protein is being loaded as the low speed spin would have pelleted poorly

homogenized matter only. They readily detect both Tau and p-amyloid proteins at all

SDS concentrations tested, and show the use of this assay in determining the B-amyloid

load of a tissue, by performing serial dilutions of the homogenate. Apart from the Xu et

al report, to date, the filter retardation assay has mostly been applied to investigate polyQ

aggregation, and has been successfully used as a rapid compound screen to detect

inhibitors of aggregation (Heiser 2002, Sittler 2001).
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3.5 CoNcLUsroNs

Detergent insoluble TBP is detected in a repeat lenglh dependant manner in the

SCAIT cell culture model and the importance of flanking protein in determining

detergent solubility is demonstrated by TBP36 and the deletion mutant.

Detergent insoluble huntingtin and TBP is present in HD brain and deteotion is

sensitive to SDS concentration.

Detergent insoluble TBP, Tau and p-amyloid are present in AD brain and

detection of TBP is less sensitive to SDS concentration than in HD brain.

o Detergent insoluble TBP is present within most of the 13 AD samples tested from

the brain bank, at variable levels. Levels of TBP dstected are not highly correlated

to levels of p-amyloid, although 43% of the variability in TBP can be explained

by Tau levels.

In summary, the filter retardation assay demonstrated the presence of detergent insoluble

TBP in the SCAIT model and in human HD and AD brain. This observation led to

investigations of the location of TBP within AD brain, presented in Chapter Four.
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GnaPTER FoUR

lnauuNoHtsrocHEMtsrRy oF TBP tru

HUMAN BRAIN TISSUE

4.1 OvERVIEW

The previous chapter described the identification of a detergent insoluble form of TBP

within AD tissue, at differing amounts in different patient samples. In this Chapter,

immunohistochemical studies are described showing the location of TBP with respect to

structures known to be associated with AD. The initial immunohistochemical studies of
TBP within brain tissue were performed on hippocampal sectionso thereafter, the majority

were performed on middle temporal gyrus (MTG) sections. The polyclonal TBP antibody

concentration was optimized for immunohistochemistry as were secondary combinations

and concentrations. Various antigen retrieval methods were trialed to ensure visualization

of maximum TBP signal, particularly as a detergent insoluble form of TBP was now

known to be present in these brains. After the TBP signal had been optimized and its

specificity ensured, double labeling studies of TBP in relation to both B-amyloid and Tau

were performed, as well as quantitative studies of TBP immunopositive structures within

MTG from available brain bank tissue. Furthermore, cortical regions outside of the

temporal gyrus were investigated for the presence of TBP immunopositive structures.

TBP positive intranuclear inclusions have been reported in the cerebellum, basal ganglia

and cortex of SCAIT patients (Fujigasaki 2001, Nakamura 2001); therefore cerebellum

and basal ganglia sections were included fbr comparison.
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4.2 MaIERIALS AND METHoDS

Brains were fixed by perfusion and immersion in l\Yo formalin in O.lM phosphate

buffer, cryo-protected in sucrose and frozen as previously described (van Roon-Mom

2002). All sections were cut on a freezing sleldge microtome at 50pM, except for basal

ganglia sections, which were cut at 80pM. General methods used for

immunohistochemistry are detailed in Chapter 2, section 2.2.4. For details of the

antibodies used see Chapter Two, Table 2.2.

4.2.1 lnitial examination of hippocampus secfions
Hippocampus sections from AD brain (A5, ,4'6, A8, A10) and control brain (Hl2l) were

used for the initial immunohistochemical study of TBP in AD brain (for patient details

see Chapter Two, Table 2.1). These disease brains were chosen because they cover a
range of insoluble TBP levels detected using the filter assay (Chapter Three, Fig. 3.a).

The primary antibody (pTBP) was used at 1:500, the secondary (rBIOsig) at l:500 and

the tertiary (EAPsig) at l:1000 concentrations, using conditions as described in Chapter
Two section2-2'4. Antigen retrieval methods were not attempted at this stage.

4.2.2 Optimisation of pTBp antibody
Middle temporal gyrus sections from brain A6 (AD) and C6 (control) were used to

optimise the TBP antibody (for patient details see Chapter Two, Table 2.1). The primary
antibody (pTBP) was used at l:500, l:1000 and l:5000 concentrations, with secondary

antibody of either rBIOsig at l:500 and l:1000 concentrations or rBIOsel at l:250 and

l:500 concentrations. Three pre-treatments for antigen retrieval were tested; pBST only,

citric acid or formic acid. For citric acid pre-treatment, sections were incubated overnight
in citric acid solution, and then microwaved on high power for thirty seconds in fresh

citric acid solution (0.1M citric acid,2l6 mM NazHpo4 at pH 4.5, using lgml in each

well of a 6 well plate), prior to cooling to room temperature and PBST washes. Formic

acid treated sections were incubated in 88% formic acid for 5 minutes, followed by pBST

washes. All combinations of the above antibody concentrations and pre-treatments were
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tested, as well as no-secondary controls. Tertiary antibodies were used at l:1000 in all

cases, Amersham EAP was used with the Selenius secondary antibody, and Sigma EAP

with the Sigma secondary antibody. Immunohistochemical studies were also undertaken

on AD sections for Tau and B-amyloid localization. pTau was used at l:2000 followed by

rBIOsig at l:1000 and sigEAP at l:1000. mBA was used at 1:1000 after formic treatment

of the section followed by mBIOsig at 1:1000 and sigEAP at 1:1000. After mounting,

sections were counterstained for l0 minutes with Nissl, dehydrated and cover slipped.

Slides were examined under light microscopy (Leica) to enable an assessment of the

effect of antibody combinations, concentrations and tissue pre-treatments.

4.2.3 Specificity of pTBP antibody and use of other TBP antibodies

To determine specificity of the immuno-positive structures, pTBP antibody was pre-

incubated ovemight at 4oC rocking with 2.5 (lpg) and 100 fold (40pg) excess of its
peptide antigen (sc-204P) prior to addition to .46 MTG sections. Control sections had

pTBP antibody that had also been incubated overnight, but lacked the blocking peptide.

Other antibodies that had been raised to human TBP were also tested: fTBP, a polyclonal

antibody raised to the full length TBP protein and mTBP, a monoclonal antibody for

which previous studies in our laboratory had indicated has an epitope C-terminal of the

polyQ hact (Reid 2003). In addition, lcz, the monoclonal antibody raised to the polyQ

tract in TBP was tested on disease and control sections. Antibodies were tested at several

concentrations (l:50 to 1:2000) with appropriate secondary (l:500) and tertiary (l:1000)

antibodies used for DAB development. Disease and control MTG sections were used and

slides were examined for comparison to pTBP immunopositive structures.

4.2.4 TBP and B-amyloid double labeling

For double labelling of TBP and B-amyloid, pTBP (l:500) and mpA (l:1000) antibodies

were co-incubated for three nights, followed by secondary (rBIOsel l:500) and tertiary

(EAPamer 1:1000) incubations steps for pTBP, using nickel-DAB (4o/o w/v nickel
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ammonium sulphate within standard DAB solution) for detection. After washes in TBST,

the secondary (mBIOsel, l:500) and tertiary (EAPamer 1:1000) incubations for mBA

were carried out, allowing the DAB incubation to proceed for 5 minutes. Sections were

also incubated with single antibody combinations as controls, formic acid antigen

retrieval was omitted from some double labelled sections to allow TBP staining to be

more readily detected alongside the abundant mBA staining. Nissl counterstaining was

carried out prior to dehydration, and sections were examined under light microscopy to

determine localisation of TBP immunopositive skuctures in relation to B-amyloid

strucfures.

4.2.5 TBP and Tau double labeling

Fluorescent double labelling was required for TBP and Tau co-localisation studies as they

both labelled neurofibrillary tangle structures, making DAB double labelling studies

ineffective. Suitable mouse antibodies for TBP or Tau were not available therefore

double labelling studies were carried out using pTau and pTBP. MTG sections from A6

and C6 were incubated in pTBP l:250 for 72 hours, washed, incubated in rFITC l:75

overnight, washed, and incubated in pTau 1:2000 for 48 hours. Sections were then

washed and incubated in TTEXRED at l:50 overnight, washed, mounted and coverslipped

in CitiFlour. Both antibodies are rabbit polyclonals, therefore rigorous PBS-triton wash

steps and controls to ensure specific rFITC labelling of TBP and TTEXRED labelling of
Tau were carried out, including single primaries with single secondaries, no primary

and/or no secondaries, and all combinations of primary with both secondaries

sequentially. A double labelled section was also stained in 0.2 o/o Hoechst (M33258) to

identify cell nuclei. Flourescent labelling was visualised by confocal laser scanning

microscopy (Leica TCS SP2 and TCS 4D) within the Biomedical Imaging Unit,

University of Auckland.
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4.2.6 Quantitative sfudies of TBP in MTG relative to Tau and B-amyloid
structures

Middle temporal gyrus sections were cut from 12 disease and 5 control brains and

adjacent sections were labelled in the following order; pTau (1:3000), pTBP (1:500) and

mBA (1:1000) to allow quantification of DAB immuno-positive structures in relation to

each other. Control sections had primary and/or secondary antibodies omitted. Sections

for B-amyloid detection were incubated for 5 minutes in 88% formic acid for antigen

retrieval. Tau, TBP and B-amyloid structures were quantified by counting immuno-

positive structures within corresponding cortical regions using a light microscope. This

was achieved by counting every second l0x field from one side of the cortex for a total of
12 fields. A single fteld contained an area of 1.58mm2, as determined by an eyepiece

micrometer, with the total area counted for each section being 18.96mm2. In summary,

Tau tangles, TBP tangles, TBP neurites (dystrophic and threads) and p-amyloid plaques

(diffuse and dense) were quantified. Tau neurites were not quantified due to their great

abundance.

4.2-7 Quantitative sfudies of rBp throughout brain regions
Immunohistochemistry was performed throughout seven AD pathology-associated

regions in sections from three disease (.{6, Al l, Al2) and two control (C6, C7) brains.

Regions chosen were superior, middle and inferior temporal gyrus, middle frontal gyrus,

hippocampus, parietal cortex and insular cortex. In addition sections from caudate

nucleus and cerebellum were examined, being areas not normally associated with AD
pathology. Adjacent sections were incubated with pTBP (l:500) and pTau (l:3000) to
allow quantification (counting performed as above) of DAB immunopositive structures in
relation to each other. Control sections had primary and/or secondary antibodies omiffed.
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4.3 ResuLTs

4.3.1 TBP structures are detected in disease brain

TBP immunopositive structures were seen within sections from the hippocampus of all

four disease cases examined using the pTBP antibody (Fig. 4.1). Most of the

immunopositive structures were within the pyramidal layer, and were absent from the

control section. Of the four disease brains, ,46 and Al0 contained many more TBP

positive structures than 45 and A8, which reflected the levels seen in the filter retardation

assay of hippocampus tissue from these cases (Chapter Three, Fig. 3.4).

Figure 4.1 TBP in AD (A6) and control (H121) brain hippocampus sections. [,ow

power images show the granule cell layer (between a and b) and pyramidal cell layer (c)

of the dentate gyrus region of the hippocampus. TBP immunopositive structures (dark

brown staining) are abundant in disease hippocampus. Scale bar = 400pM

The types of structures detected by TBP were similar in appearance to neurofibrillary

teurgles, neuritic threads and dystrophic neurites. [n addition globular immunopositive

structures were seen immediately adjacent (Fig. 4.2a and b) to the granule cell layer in

disease and to a lesser degree in control brain. Preincubation of the antibody with its
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peptide failed to demonstrate the specificity of TBP to these globular sn'uctures (data not

shown); therefsre they have not been eximined further.

Flgure 4.2 TBP in disease

(A6) hippocampus at hig[er

power.

Regions from the granule cell

layer (GC) to the cortical

pyramidal layer (Py) af,e

shown, and correspond to

a,b,c from Figure 4.1. Scale

bar= 200pM

AD hippocampus
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4.3.2 Optimisation of pTBP antihody

As with hippocampus sections, TBP NFI'-like structures were present within the middle

temporal gyrus sections of brain ,4.6. Both brands of the anti-rabbit biotinylated secondary

antibodies (rBIOsel at l:250 and l:500 and rBIOsig at l:500 and l:1000) detected

abundant TBP positive structures within the disease brain. Comparison of the trvo

secondary antibodies showed that whilst all four combinations revealed the same tlpe of
structures, the Selenius secondary at 1:500 displayed better contrast and less background

than any other secondary concenhation and/or brand combination. The polyclonal TBP

antibody (pTBP) was tested at three concenffations (l:500, l:1000 and l:5000) and

resulting sections showed that l:500 was the better concentration, as l:1000 showed

some loss of the disease specific structures, and TBP immunostaining was markedly

reduced in the l:5000 sections. Examination of sections that had undergone citric acid or

formic acid pretreatments showed no additional immunoreactive structures. The formic

acid pretreated sections had increased background, and became very fragile after

treatment. Representative images of the effect of pretreatment on disease brain TBP

structures are shown in Fisure 4.3.
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Chapte r Four - TB P immunohistochemistry

It was therefore decided that the primary antibody (pTBP) should be used at l:500, the

secondary antibody (rBIOsel) at l:500, the tertiary (EAPamer) at l:1000 and that no

pretreatment was necessary. All mounted sections received I0 minutes Nissl counter

staining. Representative images of disease (46) and control (C6) middle temporal gyrus

sections using pTBP at these optimized concentrations are shown at low and high

magnification in Figure 4.4.
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Figure 4.4 TBP immunohistochemistry after antibody optimization. Middle temporal

gyrus sections from disease (,{6 - 8, c) and control (C6 - b, d) brains were processed

using the optimized antibody concentrations and conditions. TBP immunopositive

structures appear brown, and counterstained cell nuclei blue. a, b. Representative low

magnification images, scale bar = l00pM. c, d. Representative high magnification

images, scale bar = 30pM.
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Chapter Four - TBP immunohistochemistry

4.3.3 Comparison of TBP labeling with Tau and B-amyloid
To investigate the distribution of TBP throughout MTG cortical layers, serial sections

from disease (A6) MTG were labelled with Tau, TBP and B-amyloid antibodies. Tau

immunostaining was very dark in cortical layers (Fig. 4.5), neuritic threads were present

as a dense mat throughout the layers, while NFT structures were most predominant in

layers III and IV. In comparison TBP labeling was less apparent at lower magnification;

higher magnification allowed visualization of NTFlike structures, mostly within layers

III-IV (Ftg. 4'6). B-amyloid immunopositive plaques were very large, many between 50-

l00pM in size, and were most predominant in layers II, III and IV.
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TBP

Figure 4.5 Comparison of TBP staining with Tau and p-amyloid.

A. l,ow pow€r image of AD brain (^46) middle temporal gyrus serial sections labelled

with Tau, TBP and p-amyloid antibodies. Rectangular box indicates enlarged region

shown in B. Scale bar = l000pM. B. Higher power image showing localization of

immunopositive structures from the outermost cortical layers (I-[), to layers Itr-IV and

IV-V. Scale bar = l00pM. Immunopositive sFuchres appear brown, counterstained

nuclei appear blue.
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Chctpter Four - TBP immunohistochemistry

A higher magnification image (Fig. a.6) of an MTG section from disease brain (,4'6)

demonstrates the large number of neurites seen with the pTau antibody; in comparison,

few neurites are seen with the TBP antibodv.

AD MrG (A6)
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Figure 4.6 Comparison of TBP and Tau immunopositive structures. Middle

temporal gyrus sections from disease (,\6) brain show that Tau antibody detects many

more neuritic thread structures than the TBP antibody. A TBP positive tangle and neurite

are indicated by alrows. Scale bar = 20pM. A higher magnification image of the TBP

positive tangle is shown in Figure 4.7 A.

A range of stages of TBP immunopositive NFT-like structures are seen; mostly staining

was very dark and fibrillar with no nucleus visible within 50pM sections (Fig. 4.7A and

D). In addition, pale, granular, cyoplasmic TBP staining was evident in some neurons

with intact nuclei which may represent early tangles (Fig.  .7C). A proportion of neuropil

threads and dystrophic neurites are also TBP positive (Fig. 4.78\.
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Chapter Four - TBP immunohistochemistry

AD MTG (A6)
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Figure 4.7 NFT-like TBP immunopositive structures. Representative images of the

types of TBP positive structures seen within disease MTG (A6). TBP positive labelling

detected by DAB (brown). A. dense TBP labelling of a pyramidal neuron B. neurite, C.

cytoplasmic labelling of a potentially viable neuron, D. extracellular late stage 'ghost'

tangle. Counterstained cell nuclei appear blue. Scale bar = l0 pM.

4.3.4 Specificity of pTBP antibody

Pre-incubation of ptIBP with its blocking peptide resulted in a dramatic loss of

immunopositive structures from disease MTG (Fig. a.8). This was visually apparent

using a 2.5 fold excess of peptide, although for a complete lack of any immunopositive

NFT-like structures at very high magnifications (100x objective) a high level of blocking

was required (100 fold excess of peptide - data not shown). At this level some DAB

staining was still present at tissue surfaces and surrounding some blood vessels; this was

designated non-specific staining. The strongly stained globular structures seen in

hippocampus tissue (Fig. 4.1 and 4.2) were nor seen within MTG sections.
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Figure 4.8 Specificity of pTBP antibody. Middle temporal gyrus from disease brain

(4'6) using pTBP antibody that was preincubated in TBST only (no peptide) or in 2.5

fold excess of blocking peptide (blocking peptide) prior to addition to sections. Scale bar

= l00pM. At this magnification TBP positive structures were not apparent

4.3.5 Normal TBP staining in brain lissue

Because TBP is a general transcription factor, it was predicted that basal levels would be

seen within cell nuclei. Using the conditions optimized for pTBP immunohistochemistry,

normal nuclear TBP is not seen, either in disease or control brain (Fig. 4.4). However,

when higher concentrations of secondary antibody, or a different brand of secondary

(Sigma) was used, nuclear TBP was detectable at low levels in some brains, but not all

(Fig. a.9). To investigate the hypothesis that post mortem delay may be reducing the

amount of normal TBP detected. a temporal lobe biopsy tissue sample was examined.

This tissue originated from a surgical procedure on an intractable temporal lobe epilepsy

case and therefore delay prior to fixation was less than 2 hours. Nuclear TBP is detected

in many cells from this tissue at the optimized pTBP conditions (Fig. a.l0). Not all nuclei

stain from the epilepsy section are TBP positive. but in comparison to disease and conffol

sections using the same conditions nuclear staining is evident (for example Fig. 4.4 A and

B). The pTBP antibody readily detects nuclear TBP in cell culture overexpression and

basal studies as previously reported (Reid 2003), see also Chapter Six of this thesis.
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Figure 4.9 Nuclear TBP staining in control brain. A. Nuclear TBP staining within

control (H121) hippocampus pyramidal neurons using Sigrna secondary antibody. Scale

bar = 200F,M. B. Slight nuclear TBP can be seen within some cells within the cortex of a

control (C6) MTG section when Selenius secondary antibody is used at a higher

concentration (l:250) than that optimized for disease brain staining (1:500). Scale bar =

l00trM.
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Figure 4.10 Nuclear TBP staining in cortical tissue from temtrloral lobe biopsy. A.

Using optimized plIBP conditions (pmP l:500, rBIOsel l:500), nuclear TBP is detected

throughout the cortex of a biopsy sample (M4). Scale bar = 200pM. B. At higher
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Chanter Four - TBP immunohistochemistnt

magnification nuclear TBP is readily apparent in many cells, but not in all. Scale bar :
40pM.

4.3.6 Detection of structures by other TBp antibodies
Another polyclonal antibody, raised to full length human TBP (fTBP) was also found to

label neurofibrillary tangle-like structures in disease brain (Fig.4.ll), although less

densely than pTBP. Very high concentrations of fTBP were required (1:50) making this

antibody impractical for further use. At this concentration neuritic threads were also

labelled (Fig. a.l I ). The monoclonal antibody (mTBP) did not detect any disease specific

structures within MTG sections (data not shonn). The monoclonal antibody raised to the

polyQ tract within TBP (lC2) was very unreliable when used on tissue sections (data not

shown), its use in immunohistochemistry was discontinued.

fTBP
a Figure 4.ll Immunopositive

structures using an alternate TBP

antibody.

NFT-like tangle structures and neuritic

threads were also seen using the

polyclonal antibody raised to full

length TBP (fTBP). Middle temporal

gyrus tissue from disease (.46) brain

was used. Scale bar : l00pM.
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4.3.7 TBP and F-amyloid double labeting

Extracellular senile plaque-like structures were not sean when using the pTBP antibody,

despite formic acid pretreatment, nor were they seen with the other TBP antibodies

tested. However, to examine the location of TBP structures with respect to 0A plaques,

double labeling was performed, using DAB stained pTBP and Ni-DAB stained BA. TBP

positive dystrophic neurites within plaques were seen within pTBP / mBA double labeled

sections (Fig. a.l2).
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AD MTG (A6)
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4.3.8 Co-localisation of TBP and Tau proteins

The distribution of TBP and Tau within tangles was observed by fluorescent double

labelling using confocal laser scanning microscopy of MTG sections (Fig. a.13 A-D).

Most immunopositive tangles were positive for both TBP and Tau and lacked a visible

nucleus. In these tangles both proteins exhibit an identical staining pattem, indicating co-

localisation (Fig. a. l3 A, B). A small number of tangles exhibited differential labelling of

TBP and Tau (Fig.4.13 C, D). In these apparently early stage tangles, punctate

cytoplasmic or perinuclear TBP labeling surrounded the nucleus with little or no co-

localisation with Tau labeling. The conffol labeling samples confirmed that there was no

cross reactivity betrveen unmatched antibody combinations in the structures identified.

tl

!t,G

Figure 4.12

TBP and B-amyloid double labeling in

disease (A6) middle temporal gyrus

sections.

pTBP positive structures appear black,

mBA positive stnrctures brown and

counterstained cell nuclei blue. A TBP

positive dystrophic neurite within an

extracellular plaque is indicated by the

arrowhead. Scale bar :25pM.
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Alzheimer's disease MTG

Figure 4.13 TBP and Tau immuno-positive structures in AD brain.

Confocal imaging to show co-localisation of A. FITC (green) labelled TBP and B. Texas

Red (red) labelled Tau within the same neurofibrillary tangle from AD MTG cortex (C-

D). C. Differential localisation of TBP (green) and Tau (red) in relation to the Hoechst

stained nucleus ftlue). D. a lower optical slice of the same tangle showing TBP

surrounding the nucleus. Scale bar (E-H) - 8pM
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4.3.9 Levels of TBP are variable and are not directly determined by levels

of Tau or p-amyloid structures

Relative frequencies of TBP and Tau structures were compared in immediately adjacent

sections of MTG from 12 disease and 5 control brains. TBP and Tau immuno-positive

tangles were present in all disease sections, with an overall average of 4.8 and 21.8

tangles per mmt of disease cortex respectively (Table 4.1). One case (A3) contained more

TBP positive tangles than Tau positive tangles.

Table 4.1. Quantification of TBP, Tau and p-amyloid immunopositive structures in

Alzheimer's disease middle temporal gyrus sections. Data is presented in decreasing

order of frequency of TBP tangles. Sex, age at death and post mortem delay data for each

brain bank sample is shown. Fixed frozen tissue for immunohistochemistical studies was

not available for three of the cases (A 1 , C I and C3 ).

brain TBP Tau BA
positive positive positive
tangles tangles plaques

TBP:Tau Sex
ratio

Age PM
at delay

death (hrs)
strucfures per mm2

A 3 t3.2 8.1 52.0
Al0 13.0 31.0 44.3
A6 10.9 34.0 67.0
A8 10.3 29.6 40.8
Atz 2.4 27.0 s8.3
A2 2.3 8.0 49.6
A.4 r.7 23.5 34.6
Al I r.4 22.6 19.0
Al3 t.0 8.4 2s.6
A7 0.8 37.9 61.8
A'9 0.7 2t.6 3s.2
A5 0.3 9.7 149.6

c5 0.1 0.1 10.0
c4 0.0 0.1 44.7
c2 0.0 0.0 5.1
c6 0.0 0.0 16.9
c7 0.0 0.0 1.4

1.64 F
0.42 M
032 F
0.35 F
0.09 M
0.29 F
0.07 M
0.06 M
0.r2 M
0.02 M
0.03 M
0.03 F

I

0

10.5

5.5
3

l8
7
aJ

47
t2
2l
20
4

2Q

14

8

ll
l3
9

F
M
M
M
F

7l
80
75

74
60
72

73

74
80
65
83

76

83

8l
62
11IJ

72

95



Chanter Four - TBP immunohistochemistrv

The ratio of TBP to Tau tangles ranged from 0.022 to 1.64 (average ratio 0.29). TBP

positive neurites were clearly present in seven of the disease brain cases, but always at

less than I per mm2, making them much less abundant than Tau positive neurites (>200

pet mm2 in all disease sections). lnterestingly, two of the oldest controls contained a few

Tau tangles (0.1 per --'), and one of these, the oldest in our group (83 yrs), contained a

small number of TBP positive tangles (0.1 per mml). A third adjacent MTG section from

each brain was used to quantify BA plaques (Table 4.1). All disease brains contained

abundant plaques (average 53 per mm2), and while all control brains contained amyloid

deposits (average 15 per mm2), these were diffuse rather than the dense senile plaque

structures associated with AD.

In an attempt to determine whether correlations exist between quantitative

immunohistochemical data and clinical attributes, such as age at death and PM delay,

Pearsons correlation coefficients were calculated (Table 4.2).

Table 4.2 Correlation between immunopositive structures and clinical attributes.

Disease data from Table I (MTG sections for l2 disease brains) was investigated forthe
presence of any comelations between immunohistochemical data and clinical data For

each factor 12 (generated from Pearsons r) is presented.

Factor

TBP tangles
Tau tangles
Age at death
PM delay

TBP tangles

No significant correlations are present between immunopositive structures and PM delay

or age at death; although more of the variability in TBP tangle frequency (10.3%) could

be explained by PM delay than for Tau tangles or B-amyloid plaques (Table 4.2). This

was not significant (r1.073, l0 degrees tieedom). IJrere was no correlation between the

frequency of TBP tangles and the frequency of Tau tangles or B-amyloid plaques, nor

between Tau tangles and B-amyloid plaques.

0.01I
0.1 03

Tau tangles

0.045

0.063
0.0004

P-amyloid plaques

0.009
0.025
0.0r 6
0.0001
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4.3.10 TBP is widespread throughouf disease brain

Immunohistochemistry was performed throughout disease associated regions in sections

from three disease (,{6, Al l, Al2) and trvo control (C6, C7) brains. The caudate nucleus

and cerebellum (regions involved in polyQ disease pathology), were also examined. Data

were again collected on immediately adjacent sections to compare the relative levels of

TBP and Tau. TBP tangle structures occurred throughout cortical regions of AD brain

(Table 4.3) and were not detected in any region of the two controls (data not shown).

Table 4.3 Quantification of TBP and Tau immunopositive tangles throughout

regions of Alzheimer's disease brain. MTG, Sl'G, ITG : middle, superior and inferior

temporal gynrs, MFG : middle frontal gyrus, PC = parietal association cortex, HP =

hippocampus, INS : insular cortexn CN : caudate nucleus, CB: cerebellum. NA = tissue

not available. Shading indicates the region in each case with the most TBP tangles.

Immunopositive tangles per square mm throughout AD brain

brain antibody MTG
A6 TBP IO.9
A6 Tau 34.0

All
All

AL2
Al2

STG
7.3

7.7

r.3
4.2

3.8
26.7

ITG
19.7

36. l

1.8

t3.7

3.6
24.7

MFG
5.6
t6.7

0.3
3.9

5.5
19.9

0.1

5.5

2.1

19.4

HP
2.9
22.9

l.l
34.5

INS
5.7
9.8

6.8
t2.8

PC
2.0
4.0

CN CB
00
0.4 0

NA
NA

TBP 1.4

Tau 22.6

TBP 2.3
Tau 27.0

0.8 0
25.7 33.2

0
0

0
0.3

0
0

The regions with the highest number of TBP tangles differed between each brain (Tabte

4.3). Case ,{6 had significantly more TBP tangles in the inferior temporal gyms than any

other region investigated (t test p values all below I .6x 104), and case A I I had more TBP

tangles within the insular cortex than any other region (t-test p values all below I .0x l0-6).

Case Al2 contained the most TBP tangles within the middle frontal gyrus section;

however numbers were not significantly higher when compared to the superior and

inferior temporal gyri and parietal cortex. In all three cases, the number of TBP tangles

in the hippocampus was relatively low, whilst Tau tangles in the hippocampus were
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abundant, again differentiating between Tau and TBP. No abnormal TBP positive tangles

or neurites were noted in the cerebellum or caudate nucleus.
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4.4 DlscusstoN

In this chapter, immunohistochemistry techniques have been used to examine TBP within

Alzheimer's disease brain. A TBP antibody was successfully optimized to allow a

comparison of TBP immunopositive structures with respect to the two disease structures

that characterize AD, neurofibrillary tangles and extra cellular plaques.

The detection of abundant TBP immunopositive structures within AD brain was made

possible by the use of an optimized polyclonal antibody (pTBP) raised to the N-terminus,

approximately 30 amino acids prior to the polyQ region. Preincubation of this antibody

with its peptide demonstrated the specificity of immunostaining of tangles, dystrophic

neurites and neuritic threads. A range of TBP tangles were seen, those that are within

potentially viable neurons (Fig. a.7C) and later stage tangles (Fig 4.7A), through to

extracellular 'ghost' tangles (Fig. a.7D). ConFocal microscopy of sections fluorescently

double labeled with TBP and Tau antibodies demonstrated that the two proteins exactly

co-localise in most tangles (Fig. a.l3.A' and B).A subset of tangles revealed differential

co-localisation however, with punctuate perinuclear TBP labeling and non-nuclear Tau

labeling (Fig. a.l3C and D). These differentially labeled tangles contained Hoechst

stained nuclei, and therefore appear to be early tangles, similar to those seen in Figure

4.7C. TBP positive neurites were detected, but at much lower frequency than Tau

neurites, and TBP staining of exffacellular plaque structures was not evident. However,

double labeling with TBP and p-amyloid antibodies revealed TBP positive dystrophic

neurites within plaques.

Quantification of TBP positive structures within 12 AD and 5 conhol brains

demonstrated theirpresence at variable levels in all disease brains (Table 4.1). Adjacent

sections labeled with B-amyloid and Tau antibodies allowed a comparison of the

frequency of TBP and Tau tangles, and p -amyloid plaques within the same region. There
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were no strong correlations seen between the three types of structure (Table 4.2),

therefore, the presence of TBP tangles is not determined by the Tau tangles. Conelations

between the presence of TBP tangles and post mortem delay or age at death were not

found. Three disease brains examined in regions outside of the middle temporal gyrus

revealed widespread TBP tangles; interestingly, the region in each brain with the most

tangles was not the same for each case (Table 4.3).

In the disease and control brains studied, normal nuclear TBP is absent, unless antibody

concentrations or combinations are altered (Fig. a.9). Diffuse nuclear TBP labeling was

detected in an epilepsy biopsy sample with a fixation delay of less than 2 hours. Whilst an

epilepsy sample may not be the ideal control, it does indicate that the general lack of

normal TBP labeling in the PM cases could at least in part be due to PM delay. However,

an important difference between the PM cases and epilepsy samples is that the relatively

small biopsy sample is immersion fixed, whilst the other case samples have one

hemisphere perfused with fixative, prior to immersion of blocked regions (for details see

(van Roon-Mom 2002). Therefore, whilst the fixative used is the same, differences in the

effect on antigenicity may exist. Examination of fresh frozen tissue allows investigation

of PM delay in isolation of fixation effects, and is undertaken in Chapter Five.

Other proteins in addition to Tau are found within NFT structures, in particular, those that

are likely to be part of the process of Tau hyperphosphorylation, for example the

phosphorytated mitogen activated protein (MAP) kinase pp38 (Sun 2003), and its

upstream activator MAP kinase kinase 6 (MKK6) (Zhu 2001), cJun N-terminal kinase (p-

JNK) and its upstream activator (JKKI) (Zhu 2003). In addition, the serine threonine

kinase cyclin dependant kinase 5 (cdkS) has been extensivsly reported within tangles

(Augustinack 2002). However, it has not only been proteins presumed to be associated

with the accumulation of hyperphoshorylated Tau that have been detected within tangles;

proteins more commonly associated with other diseases have also been reported, for

example a-synuclein (Arai 2001), one of the major components of the Lewy bodies seen

within Parkinsons disease and Lewy Body Dementia. Interestingly, huntingtin is found
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within tangles and dystrophic neurites of AD brains (Singhrao 1998), the CAG repeat

length in the cases studied was not reported for huntingtin or TBP; it is tempting to

wonder if an interaction of the probably short (-19) huntingtin repeat with the probably

long (36-38) repeat within TBP has enabled huntingtin to accumulate in AD brains. The

ubiquitin binding protein p62 is detected within AD brain, its accumulation is limited to

the tangles rather than the plaque structures (Kuusisto 2002), and ubiquitin itself has long

been recognized as a componentof AD pathology (Murphy 1990). Taken together, it is

clear that TBP is not the only other component of NFT structures; however, that does not

detract from the hypothesis that TBP may accumulate in this late onset neurodegenerative

disease as a result of its long, but normal polyQ repeat. TBP and Tau are not known to

directly interact with each other normally; therefore, TBP differs from many of the other

known components of tangles in that it is not part of the Tau phosphorylation or

ubiquitination process. Since aberrant TBP has been demonstrated within what appear to

be early tangles (Fig. a.7C and 4.13C) it can not be excluded that TBP accumulation

precedes Tau pathology. The case (A3) that revealed more TBP positive tangles than Tau

tangles is another intriguing piece of supporting data for this thought.

In Chapter Three, detergent insoluble TBP was detected in disease brain, and 43Yo of the

variability in TBP detected could be explained by detergent insoluble Tau levels. The

findings of this chapter, where TBP immunopositive tangles are abundant throughout

disease brain, are consistent with those findings. However, a significant correlation

between TBP tangle and Tau tangle frequency was not found. This may reflect epitope

availability in the two methods of detection. A comparison between quantifiable TBP

using different techniques is presented in Chapter Seven.
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4.5 GoNcLUstoNs

TBP specific structures are readily detected in disease brain. The types of

structures detected by TBP were similar in appearance to neurofibrillary tangles,

neuritic threads and dystrophic neurites.

Although the majority of TBP tangles co-localize exactly with Tau tangles, some

differential localization of the two proteins was noted in what appear to be early

tangles.

TBP positive extracellular plaques are not seen, although TBP positive dystrophic

neurites are present within p-amyloid plaques.

TBP structures are present at variable frequencies in all disease brain MTG

sections examined. The frequency of tangles seen is not correlated to the

frequency of Tau tangles or p-amyloid plaques. Levels of TBP tangles seen within

disease MTG are independent of PM delay or age at death.

A single case (A3) demonstrated a higher frequency of TBP positive tangles than

Tau positive tangles

TBP tangles are widespread throughout disease brain, at variable levels. The

region containing the most TBP tangles was different for the three cases

examined. TBP tangles were not found within the basal ganglia or cerebellum

sections.

Normal nuclear TBP is poorly detected in PM tissue, unless antibody

concentrations or combinations are altered. A human biopsy tissue sample with a

short PM delay readily reveals diffuse nuclear TBP.

The results from this chapter are consistent with the results from Chapter Three, where

detergent insoluble TBP was detected within disease brain tissue. In the next chapter the

nature of TBP within AD brain will be investigated further by SDS PAGE analysis.
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CHAPTER FVE

SDS-PAGE arunLYsts oF TBP ttt
HUMAN BRAIN TISSUE

5.1 OveRuEW

The previous results chapters demonstrate the existence of a detergent insoluble, NFT-

associated form of TBP within AD brain. This chapter describes the investigation of

biochemical properties of TBP in disease brain using SDS PAGE techniques. Filter

retardation assay and immunohistochemistry techniques do not give protein molecular

weight information, for this solubilisation and electrophoretic separation are required.

Human TBP has a predicted molecular weight of 37.7kDa, however previous work in this

lab shows that overexpressed human wild type TBP travels at a higher than expected

molecular weight using urea gel conditions (Reid 2003). It is possible that human TBP

does not completely denature in standard western conditions, perhaps as a result of the

long polyQ tract.

Normal nuclear TBP was not detected within the post mortem tissue samples described in

Chapter Four, at least not at the antibody concentrations used to detect the aberrant

structures. To a degree this was presumed to be the result of post mortem delay in these

brains, as epilepsy biopsy tissue readily demonstrates normal nuclear TBP within cortical

neurons using the same antibody conditions (Chapter Four, Fig 4.10). The experiments

described in this chapter use fresh frozen tissue to investigate the effect of PM delay,

thereby removing any effects of fixation.

Resistance to protease degradation is a characteristic feature of the B-amyloid and Tau

containing structures within AD (Masters 1985, Wischik 1988), and of the prion protein

associated with scrapie (McKinley 1983). Formic acid can be used to resuspend some
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insoluble proteins. Concenhations greater than 70Yo are effective on the p-amyloid

protein (Masters 1985), and high concentrations can resolubilise poln inclusions from

HD brain (tuchi 2003). Therefore the solubilising effect of formic acid treatrnent and the

protease resistance of TBP was investigated in samples from Alzheimer's disease brain.

5.2 MRTERIALS AND Mernoos
Preparation of protein homogenates from human brain tissue is described in Chapter

Two, section 2.2.5 and 2.2.6, In brief, two homogenization techniques (using the same

buffer) were used:

Total protein homogenates: no high speed centrifugation

Soluble protein homogenates = supernatant after high speed centriguation centrifugation

to collect insoluble fraction for filter retardation assav

5.2.1 Characterisation and specificity of pTBp

Middle temporal gyrus total protein homogenates were prepared from two disease brains

(48, A5) and one control brain (Cl) as described in Chapter Two, section 2.2.5. Thity
micrograms of protein in lx Laemmli buffer (Sigma, MO, USA) was heated to 95oC for 5

minutes, chilled on ice and loaded on l0% SDS PAGE gets (Chapter Two - section

2.2.7). Each sample was loaded twice on a single gel, separatedbytwo lanes of protein

ladder (Magic Mark, Invitrogen) to allow cutting of the membrane into two pieces after

transfer to PVDF. To determine the specificity of the pTBP antibody, 100 fold excess

(l00pg) of the blocking peptide (sc-204p) was incubated overnight rocking at 4oC with I
pg pTBP antibody in TBST. To ensure activity of the pTBP antibody remained after this

period, pTBP antibody was also incubated ovemight in TBST, but without the peptide.

After the membranes were blocked in 5% non fat milk powder for I hour, the peptide-

and non peptide- incubated pTBP solutions were diluted to 1:2000 concentration in TBST

containing 5%o non fat milk powder and incubated for 4 hours at room temperature.
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Secondary antibody (rHRP) was used at l:5000, and exposure times after ECL plus

incubation ranged from 2.5 minutes to l0 minutes.

5.2.2 Effect of post mortem delay on detectian of TBP

Total protein homogenates from middle temporal gyms tissue was prepared (Chapter

Two, section 2.2.5), using 6 disease brains with a range of PM delays to investigate the

effect delay may have on the detection of TBP. Two control brains were also selected,

with PM delays of 8 and 19 hours. Fresh frozen epilepsy biopsy tissue (sample 862 for

details see Chapter Two, Table 2.1) was included for comparison, PM delay was less than

2 hours for this sample. Thirty micrograms of protein was loaded on each lane of l0%

SDS PAGE gels. After transfer to PVDF, primary antibody (pTBP) was used at l:2000,

and secondary (rHRP) at l:5000.

5.2.3 Frequency of ZgkDa TBP immunopositive band

Thirty micrograms of soluble protein homogenates from all entorhinal cortex tisses

available from the brain bank were prepared as in Chapter Two section2.2.6 and 30 pg

was loaded onto l0% SDS PAGE gels. Eleven disease and seven control brain samples

were available, therefore disease and control brains were distributed between two BioRad

minigels to ensure disease and control samples were evenly mixed over the two gels.

After transfer to PVDF pTBP antibody was used as above (section 5.2.2). euantification
of the 29kDa band was performed using a Gel Doc imaging system QuantityOne software

(BioRad).

5.2.4 Comparison of qTBP and other TBp antibodies
Multiple gels were run with the total protein brain homogenates from middle temporal

gyrus tissue, to allow comparison of pTBP immunopositive bands with those from other

TBP antibodies. Of particular interest was the monoclonal lC2 antibody, raised to the

polyglutamine tract in TBP. Antibodies and concentrations used were lC2 at l:10000;

mTBP at l: 500; fTBP at l:500; nTBP at 1:1000 (details of antibody and epitope are

within Chapter Two, Table 2.2). Subsequent westerns using the mTBP antibody (with a

THILSOi.,I L.IIJPABY
Fectlli'l ll ii,l:l:rll ,'r :rirl'ir SCienCe:;

Fai'l< {-itr;icl, tiraitori
AUOK.LNND
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putative C-terminal epitope) were performed using concentrations ranging from l:500

down to l:50 with only l% milk, after repeatedly weak signal using this antibody.

Incubations for TBP antibodies other than pTBP were performed overnight with rocking

at 4oC.

To be certain of the size difference of immunopositive bands seen with lC2 and pTBP, a

further western was performed, loading two disease brain samples (A5, A8) side by side

on a single gel with duplicate loadings, separated by molecular weight markers to allow

cutting of the membrane after transfer and prior to incubation with pTBP (l:2000) and

I C2 ( 1 : 10000) antibodies.

5.2.5 Formic acid treatment of TBP immunopositive bands

To investigate the effect that formic acid may have on the molecular weight of the trvo

TBP bands within disease brain, 70pg total protein from previously prepared MTG total

protein homogenates from two disease brains (A8 and A,5) were thawed and divided into

two tubes of 35pg each. One tube remained on ice prior to SDS PAGE analysis, the other

had 88% formic acid added to a final concentration of 73o/a, was vortexed, incubated at

room temperature for 5 minutes and then dried under vacuum with centrifugation. The

dried sample had 30pl lx Laemmli buffer added, the non-formic sample had buffer and

water added to a final concenhation of lx Laemmli, then both samples were heated to

95"C , chilled on ice, loaded onto l0o/o acrylamide gels and processed for pTBP

immunoreactivity as previously.

5,2.6 Proteinase K treatment of brain homogenates

To investigate the possibility that TBP within AD brain is resistant to proteinase K (PK),

one disease (4,6) and one control (C7) brains were selected for an initial study. These

brains were selected as A6 contained large amounts of TBP immunopostive protein in the

filter trap experiment (Chapter Three, Fig. 3.4), and C7 was chosen as a sex and age

matched control (Chapter Two, Table 2.2); also both carry TBP alleles of similar polyQ

repeat length (Chapter Seven, Table 7.3). Middle temporal gyrus tissue (l00mg) was
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homogenised in 200p1 of a modified RIPA buffer (triton l%, SDS 0.1Vo, NaCl 0.15M,

Tris 7,5 50mM) using a microcentrifuge homogeniser to achieve a homogenate of even

consisitency, with no remaining solid tissue fragments. This concentration of SDS and

triton does not inhibit PK digestion. Due to the detergent component of this buffer, five-

second microcentrifuge spins were performed after samples had been homogenised for

around 20 seconds, to reduce foaming. Both samples received the same homogenisation

and spinning times (a total of 60 seconds). l50pl was transferred to a new microfuge tube

and 50uL of PK buffer was added (50mM Tris 8, lOmM CaCI2). This buffer ensures

sufficient calcium ions are available for efficient PK digestion. 50pl aliquots were

transferred to new tubes and PK (freshly diluted in PK buffer, and from recently made

lOmg/ml stocks) was added to 0, l, 10 and 100 pglml concentrations, maintaining a final

volume of 55p1. To this point all tubes were on ice. Samples were incubated at 37'C for I

hour, lOpl lOmM EGTA was then added, followed by 65pl 2x Laemmli buffer, heated 5

minutes 95oC, chilled on ice and 30uL of each sample loaded onto duplicatel0% SDS

PAGE gels. This volume equates to 4.2mg starting MTG tissue per well. Samples were

processed and loaded immediately due to the incomplete ability of EGTA to stop PK

digestion. Gels destined for subsequent Tau detection had only 6uL loaded (<lmg tissue)

per well, due to the high sensitivity of the Tau antibody. After electrophoresis proteins

were hansferred to PVDF and antibody incubations carried out as described in Chapter

Two Section 2.2.7. Antibody concentrations used were pTBP l:2000, pTau l:10,000,

mBA 1:1000, all with l:5000 of the appropriate HRP linked secondary antibody. The

membrane used for pTBP detection was subsequently stripped, and reprobed with

mBactin (l:5000) antibody to determine protein levels after PK digestion.

For the investigation of proteinase K resistance of the 29V,Da band in two disease brains

(A8 and Al l), some minor modifications were made to the above method. Tissue was

homogenised in 300uL mRIPA per 200mg tissue (1.5x more concentrated). Aliquots

were subjected to 0, 5, l0 and 50p/ml PK digestion, as it was predicted this altered

dilution range may be more informative. Samples were processed as above and 25pl
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loaded onto l0% SDS PAGE gels, undergoing pTBP detection as above. This volume

equates to 4Jmg starting MTG tissue per well.
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5.3 ReSULTS

5.3.1 Characterisation and speciticity of pTBP

The polyclonal antibody raised to the N-terminus of TBP (pTBP) detects two

immunopositive bands. A 42kDa band was present in total protein MTG homogenates

from two disease and one control sample (Fig. 5.1). Full length human TBP is predicted

to migrate at 37.7V,Da, but as previously observed in a cell culture model (Reid 2003), it

appears to be incompletely denatured in SDS PAGE gel conditions. In addition, a

shorter band (approx 29kDa) is detected in one of the disease brains. The specificity of

these bands was confirmed by complete blocking of both TBP immunopositive bands

following pre-incubation of the pTBP antibody with its antigenic peptide, sc-204p (Fig.

5.1).

A8 A5 c1 A8 A5
O'

--
r+
oa

't

{#ir {

{t

peptide plus pTBP pTBP

Figure 5.1 pTBP antibody specificity. Western analysis of TBP in total homogenates of

middle temporal gyrus tissue from two disease (A8, A5) and one control (Cl) brain.

pTBP was pre-incubated with its blocking peptide (peptide plus pTBP) or in TBST only

(pTBP) prior to incubation with membrane as described in methods. Films were exposed

for 2.5 minutes. Protein ladder (M) sizes are indicated in kilodaltons.
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5.3.2 Effect of post mortem delay on detection of TBP

Disease samples were loaded in order of increasing PM delay, to investigate whether this

explains the lack of normal nuclear TBP in immunohistochemical studies upon fixed

frozen brain tissue. PM delay times for disease samples were 3, 4,5,5, 18, 20 and 2l

hours for A6, A9, A10, A8, A5 and Al3 respectively. Two control samples were also

loaded with PM delays of 8 hours (C4) and l9 hours (Cl).

TBP36

Figure 5.2 TBP in disease and control total homogenates.

Thirfy micrograms of total protein from the middle temporal gyrus of six disease (A6'

49, Al0, A8, A5, Al3) and 2 control (C4' Cl) brains was resolved on a 10% PAGE gel

and detected using pTBP antibody. Disease brain samples were loaded in order of

increasing post-mortem (PM) delay. Lysates fronr Neuro2A cells transfected with human

wild type TBP were loaded as a size reference (TBP36). Film was exposed for 2'5

minutes. Protein sizes are indicated to the left in kilodaltons'

There is no dramatic reduction in full length TBP detected as PM delay is increased.

Whilst there appears to be slightly less TBP (42kDa band) detected from 5.5 hours (Al0)

this difference is not sufficient to explain the lack of staining seen in

immunohistochemistry studies. The 29kDa TBP band is clearly present in two of the

disease brain MTG samples (Fig. 5.2). The membrane was stripped and reprobed with a

p-actin antibody as a loading control (data not shown), confirming that the amount of full

cl
. - - - increaring PM delay - ' --' >l

A6 A9 A{O A8 A5 A{3
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length TBP in control compared to disease, or across PM delay times was not

significantly altered.

fresh freeze thaw

42kDa -

A9 E62 A6
-iA--I- .,i

---
''F-+FG tFrE

lrn {HT29kDa

Figure 5.3 Disappearance of 29kDa band from epilepsy sample after freeze thawing.

Tissue samples from middle temporal gyrus region (the epilepsy biopsy sample F;62 and

two disease samples 46, A9) were loaded onto SDS PAGE gels immediately after

homogenization (fresh) or after freezing at -20C for several days prior to western

analysis (freeze thaw), and detected using pTBP antibody. Both films were exPosed for

2.5 minutes.

Intriguingly, an epilepsy sample (862, different than that used in immunohistochemical

studies), when run immediately after homogenisation, displayed a similar amount of the

29kDa band as disease brain ,A,9, but subsequent westems using freeze thawed

homogenate no longer revealed the 29kDa band (Fig. 5.3). The presence of the 29V'Da

band in disease and control brains was not altered after freeze thawing (Fig'5.3, 5.4C and

5.5). Importantly, the presence of the 29V,Da band in disease and control brains was

consistent across multiple tissue sample extractions (for example, compare figure 5.1,5.7

and 5.10).
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5.3.3 Comparison of qTBP and other TBP antibodies in human brain

Westerns performed using four other TBP antibodies (mTBP, nTBP, fTBP, lC2) on brain

tissue lelded mixed results. The putative C-terminal antibody (mTBP) worked very

poorly, with low signal and many apparently non specific bands detected. Repeated

attempts to improve mTBP detection by using concentrations as high as 1:50 and/or

reducing the amount of blocking agent present during primary incubation were largely

unsuccessful. Therefore, no conclusions could be drawn regarding the detection of the

Zg$aband with this antibody. Westerns using nTBP and fTBP (for antibody details see

Chapter Two, Table 2.2) were equally inconclusive, lengthy exposure times (15 minutes)

indicated the presence of a weakly immunopositive band at 42VAa using both antibodies,

however due to the presence of many other higher molecular weight bands it was difficult

be sure of the specificity. The fTBP antibody was successfully used to

immunoprecipitate overexpressed TBP from Neuro2A cells (Chapter 6, Fig. 6.1)'

although less efficiently than pTBP. The fTBP antibody was successfully used in brain

immunohistochemistry, but despite concentrations as high as l:50, fewer tangles were

seen than with pTBP (Chapter 4, Fig. 4.11).

A monoclonal antibody (1C2) raised to the 38 glutamines contained within TBP

preferentially recognises polyQ tracts longer than 39 (Trottier 1995) and was used on

these samples. This antibody is a useful diagnostic tool in polyQ diseases, although it

poorly detects polyQ inclusion structures, suggesting it prefers soluble expanded polyQ

epitopes (Sieradzan 1999). Westerns utilising the lC2 antibody resulted in the detection

of a strongly immunopositive band in all brain samples analysed (Fig. 5.aB). lnterestingly

the size of the lC2 positive band is approximately 37kDa, a size which corresponds to the

predicted molecular weight of human TBP. A further western was performed to clarify

rhe size difference between the pTBP and the 1C2 immunopositive bands (Fig- 5.aC).
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pTBP 1C2

Figure 5.4 Comparison of TBP and 1C2 bands with human brain tissue

Western analysis on a duplicate gel of the same middle temporal gyrus brain samples as

Figure 5.2 reveal a difference in the size of immunopositive bands using A. pTBP

(reproduced from Figure 5.2) and B. 1C2 antibodies. 1C2 detects a single strong band at

approx. 37kDa. C. A further western with two disease middle temporal gynrs

homogenates (A8, 45) loaded twice on the same gel, with the membrane halved for

antibody incubations confirmed the size difference of the immunopositive bands for

pTBP and lC2 antibodies. Molecular weight marker bands have been included (M) and

size in kDa indicated to the right. Exposure times were 2.5 minutes for all membranes'

This shows that lC2 detects a different protein than pTBP. Only after extended exposure

times of approximately 20 minutes, do lC2 weakly positive bands appear that may

correspond to the 29V,Da and 42kda TBP species (Fig. 5.68). Similarly, only after longer

G

pTBP
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exposure times (5-10 minutes) does the pTBP antibody detect proteins of 37-39 kDa (data

not shown, but is weakly visible in sample 49 Figure 5.2 after 2.5 minutes). The levels of

lC2 positive protein were variable in the brain samples tested, however no strong

correlation was seen with TBP polyQ repeat length, determined in Chapter Seven.

5.3.4 Relative levels of the 29kDa TBP immunopositive band

SDS PAGE analysis of total homogenates from middle temporal gyrus tissue had

revea.led a 29kDa TBP immunopositive band in at least two samples (A8 and A9).

Soluble protein homogenates from entorhinal cortex tissue samples used in the filter

retardation assay (Chapter 3, Fig. 3.4) were available and allowed the investigation of this

band in a larger number of disease and control brain samples.

A3 A4

o *'|" '-
pTBP ]

A5 A6 A7 A8 Gt C2 C3

+ .* r4-

A9 AtO Alt A12 At3 C4 C5 C6 C7

Ibr-- II

B
pActln

/l|l- --. -'D, 
--

Figure 5.5 Relative levels of the 29kDa TBP

immunopositive band.

Western analysis of TBP in soluble protein samples

from entorhinal cortex tissue fiom I I disease (A3-

A8, A9-Al3) and seven control (Cl-C3, C4-C7)

brains. 30ug of total protein was resolved on a lOVo

PAGE gel and membranes probed with (A) pTBP and

then (B) p-actin as described in methods. Both films

Protein sizes are indicated on the left in kilodaltons.

intensity and standard error bars for disease and control

the 29kDa band in A.

b- '-t
4-€ Qa

RdedYr lovdr ofthr 29kDr
lmmunopoddve brnd

20
,t0

0

dlrrerr

were exposed for 2.5 minutes.

(C) Average relative level of

sarnples, after quantification of
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The entorhinal cortex soluble homogenates had been stored at -80oC for approximately

18 months. Figure 5.5A shows that all samples contain detectable 29Y'Da TBP, but at

variable levels, with very high levels seen in some disease brain samples. In many of the

soluble homogenates from entorhinal cortex the 29kDa band is more predominant than

the 421<Da pTBP band. This is in contrast to the total homogenates from middle temporal

gyrus (Fig. 5.2), where the larger band is relatively more intense. In the soluble

homogenates, B-actin levels were variable (Fig 5.58), however in no case do they

indicate that a strong 29kDa signal is being overestimated, Duplicate westerns run

subsequently demonstrated the robustness of this observation (data not shown).

After quantification of the 29V'Da TBP band (without normalising against B-actin levels)

significant differences in the average relative intensity are seen in disease (51%) and

conhol brain (19%) (Fig. 5.5C) The students t{est p value was 0.013. Values are shown

as a percentage of the intensity of the strongest signal (All). Significant correlations

between the intensity of the 29h,Da band and age at death or PM delay were not found

within disease samples (29kDa versus age: rt : 0.006, 29Y,Da versus PM delay: 12 :
0.002) or control samples (29V,Da versus age: 12 : 0,096, 29V,Da versus PM delay: I :
0.0002).
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5.3.5 Comparison of the truncated TBP band with deletion mutant cDNA

construct

The presence of the 29kDa TBP band in many brain samples, led to speculation as to its

origin. The known N-terminal epitope of pTBP allowed the assumption that the N-

terminus of this potentially truncated protein was intact. A 29kDa product may be

generated from cleavage near residue 234 of TBP (full length : 339 residues), if the

cleavage site is calculated as the percentage that 29kDa is of 42kDa. Alternately, if
291<Dais calculated as a proportion of the predicted full length molecular weight of TBP

(37kDa) then cleavage may occur near residu e 265. However, polyQ-containing proteins

may defy logical predictions based on gel migration at expected molecular weights due to

the formation of secondary structures. Evidence of this has been seen with a TBP deletion

construct generated in our lab for overexpression in Neuro2A cells containing only N-

terminal residues (including the polyQ tract), approximately 1/3'd of the full length TBP

37.7Y,Da protein (construction of clone previously described (Reid 2003). Despite a

predicted molecular weight of 13.8 kDa, and sequence verification of the generated

construct, the TBPdel protein travels at approximately twice this size on an SDS PAGE

gel (Fig. 5.6). This may suggest that the 29kDa TBP band seen within the human brain

sample is the result of cleavage at a position anywhere after the polyQ tract' To

investigate this possibility, protein homogenates from brain samples and cell lysates from

Neuro2A cells overexpressing the TBP deletion mutant were analysed on the same gel, to

compare sizes (Fig. 5.6). Two exposures of the films are shown as levels of the detectable

overexpressed TBP deletion mutant are much lower than for full length TBP proteins.
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brain overexpressing cells

37 66 90 del Figure 5.6 ComParison of

29kDa TBP band with TBP

deletion mutant construct.

Western analysis of cell lYsates

from Neuro2A cells

overexpressing TBP constructs of

various polyQ lengths (37' 66,90'

del) using pTBP and lC2

antibodies. A. The TBP deletion

mutant is weaklY detected bY

pTBP, indicated bY <. Molecular

sizes are indicated on the left in

kDa. Exposure times were 30

seconds for pTBP, 2.5 minutes for

tcz.

B. Longer exposures of the same

blots, now including brain

homogenates from two disease

brains (A8, A9) allow direct

comparison of the TBP deletion

mutant protein and the 29kDa

TBP band. Film exPosure times

were 2.5 minutes for PTBP and 20

minutes for 1C2.

B

pTBP
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The overexpressed TBP deletion mutant protein was detected by pTBP antibody,

although with much lower intensity than proteins produced from full length TBP

expressing constructs (Fig. 5.64). This lower intensity is not likely to be due to low

transfection levels with the deletion mutant construct, as immunocytochemistry results

from previous cell culture experiments (also with low western detection) show that

transfection efficiencies are comparable (Reid, unpublished data). The endogenous

mouse TBP from the Neuro2A cells travels at approximately 38kDa (Fig 5.5) and is also

present in untransfected cells (see Chapter Six, Fig. 6.6). The predicted molecular weight

of mouse TBP is 34.7kDa: the Neuro2A cell line carries 13 polyQ repeats within TBP

(Reid 2003). A longer exposure of the same blot (Fig. 5.68) reveals the deletion mutant is

travelling as a doublet in this gel at approximately 24V,Da, and that it is not efficiently

detected by lC2 antibody, despite extended exposure times. As previously reported

(Trottier 1995), lC2 preferentially detects longer polyQ tracts, however TBP37 is much

more readily detected by lC2 than the similar polyQ length (36 repeats) containing TBP

del mut. The polyQ repeat tract makes up 28Yo of the deletion mutant protein, compared

to l0% of the full length wild type protein, structural differences may be affecting

antibody epitopes or protein solubility in SDS.

5.3.6 Effect of brain fissue formic treatment

To further investigate the hvo TBP immunopositive bands present within disease brain,

formic acid treatment was applied as a means to thoroughly solubilise the protein. Figure

5.7 shows that the 42V,Da band is still visible, although weaker, after formic acid

treatrnent. The presence of residual formic acid in the sample results in distorted lanes

and bands, however the migration of the 42Y,Da band is not altered. The 29kDa TBP band

is not evident in sample A8 after formic treatment, even after longer film exposure times

(data not shown). However, if the 29kDa band had been reduced in molecular weight to

less than 20kDa, it would not have been detected on this gel. If the 29Y'Da band is a

multimer or poorly denatured structure this reduction is molecular weight is quite

possible, and therefore requires further investigation.
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formic

40

30

Figure 5.7 Effect of formic acid treatment on TBP immunopositive bands.

Two disease MTG samples (A8, A,5) were homogenised and half of each sample

underwent formic acid (formic) treatment as described in methods section prior to

analysis (35ug total protein per lane) by SDS PAGE using pTBP antibody.

5.3.7 Proteinase K treatment of AD brain fissue

To investigate the possibility that TBP within AD brain is resistant to proteinase K (PK)

digestion, initial studies were performed on one disease and one matched control brain.

Figure 5.8 reveals abundant PK resistant Tau and p-amyloid, particularly in the stacking

gel when comparing the disease and control samples. Little evidence for PK resistance of

the 42kDa TBP band was found, although remaining levels were higher at lug/ml in the

disease than the control (Fig. 5.8A). A comparison of pTBP levels (Fig. 5.8A) with B-

actin levels on the same blot after stripping (Fig.S.8D) suggest that there may be a general

resistance of the disease brain to protein digestion at this relatively low level of PK. The

buffers required for protein digestion resulted in distorted bands during SDS PAGE
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dlsease

pTBP

Figure 5.8 Proteinase K

resistance of Proteins from

disease and control MTG.

Sensitivity of TBP (A), Tau (B),

p-amyloid (C) and B-actin (D) to

proteinase K treatment (0, 1, 10

and 100 ug/ml) was determined in

disease (A6) and control brain

(C7) samples as described in

methods. Molecular weights in

kDa are indicated to the left.

Neuro 2A cells expressing wild

type human TBP were loaded for

size comparison with TBP from

brain homogenates (c). Film

exposure times were: (A)

2.5minutes, (B) 7 seconds, (C) 2.5

minutes (D) 30 seconds.

pTau

Howover, a longer exposure of the pTBP blot in Figure 5.8A reveals a PK resistant TBP

positive band travelling at 29tDa, in the disease brain sample, and more weakly in the

control sample after PK treahnent of l0ug/ml (Fig. 5.9). This band, whilst of relatively

low abundance, is detected in samples that have undergone lOpg/ml PK digestion, but not

those with lower concentrations of PK. Therefore the band appears, rather than being

retained. Also of interest is that the disease sample is from brain A6 MTG, a sample that

had not demonstrated easily detectable levels of the 29Y'Da TBP band (Fig. 5.2A).

t20
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However, modest levels were noted in entorhinal cortex soluble protein homogenates

from this brain (Fig 5.4A). In addition, TBP immunopositive material from disease brain

is detected in the stacking gel region of the gel at l0 and l00ug/ml PK (Fig. 5'9).

disease control

PK (ug/ml) O I lo loo {{o

Figure 5.9 Appearance of proteinase K resistant 29kDa TBP species.

After longer exposure (10 minutes) of the pTBP blot used above (Figure 5.7A) the 29kDa

TBP species was revealed in the lOug/ml PK samples (arrowheads). The longer exposure

also demonstrated the presence of pTBP positive material on the stacking gel region of

both l0 and lO0ug/ml PK treated disease sample (A6), but not control (C7).

5.3.8 Proteinase K resisfance of 29kDa species

The effect of proteinase K treatment was investigated within disease brains (A8 and Al l)

that were known to contain more of the 29kDa TBP band within middle temporal gyrus

samples than the sample used in Figure 5.9 (A6).
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dlrsease (AB) dlsease (All)

Flgrrre 5.10 ProJeinasc K resls,tance of the 29kDa TBP species in two dlsease brains.

Two disease brains that were lnoWn to contain the 29kDa fragment (A8 and Al l) were

homogenised and undenrent proteinase K (0, 5, 10 and 50 ug/ml) treatment for I hour as

described in lnethods prior to SDS PAGE eleofophoresis. (A) shows pTBP

immunoreaetive bands, wittr the 291Da present after 10ugim1 treatnent. Film was

exposed for 15 minutes. (B) A duplicate gel was stained with Coomassie blue to gauge

the effeative,ness of the proteinase K treatnent

As in Flgures,5.8 and 5.9 the protein samples ran in a distorted mannerr ptcsumably due

to the PK buffer oomponents, resulting in ill-dEfined TBP bands. Less 29kDa TBP was

noted in sample dS compared to gels with the same brain processed and electrophoresed
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in stmdord;lronrogerrisation buffers (Fig. 5.10A' zsm PK treatsreut oornpared to Fig' 5"1,

Fig. 52), How,€ier, dcspite the redtroed initial level of the 29ltDa TBP ban4 in both

disease brains, this bantl displays PK r,esistarce at l0ugAnl, whilst the i[2l0a TtsF band

is l.argely de.graded at this sr-noenfration.

r23



Chapter Five - SDS PAGE o""lytit of fBP

5.4 DrscusstoN

Fresh frozen tissue samples from the brain bank were utilized to examine TBP within

disease brain by SDS PAGE. Within human brain tissue two TBP specific bands were

detected with the pTBP antibody, full length TBP and a potentially truncated fragment,

migrating at 42kDa and 29kDa respectively. The full length TBP was detected in all

brains examined, and despite being larger than TBP's predicted molecular weight of

37.7V,Da, is consistent with the migration of full length human TBP generated by

overexpression within Neuro2A cells (Fig. 5.2). The effects of post mortem delay on the

detection of TBP were minimal; therefore the lack of normal TBP staining seen by

immunohistochemistry in Chapter Four may be due to fixation effects upon the epitope,

with PM delay a lesser factor.

The 29kDa band was present in variable amounts across brains and the average relative

intensity was significantly higher in disease brain (5l%o of maximal levels seen) than

control brain (19%) with a t-test p value of 0.013 (Fig. 5.5). Subsequent detection of p-

actin on the same blot indicated some variability in protein loading (Fig5.5B)' however,

higher levels of B-actin coincided with lower levels of the 29V'Da band. Therefore by not

normalising the captured intensity values against B-actin levels the difference between

disease and control levels will be a conservative estimation. [n addition, cleavage of actin

within AD brain has been reported, therefore it may not be ideal as a loading control for

AD tissues (Rossiter 2000, Yang 1998). The specificity of the 29V'Da and 42kDa TBP

immunopositive bands was demonstrated with successful peptide competition (Fig. 5.1)'

In an attempt to see if this aberrant TBP species accumulates to higher levels with age,

comparisons with age at death were made, with no significant correlations seen. The age

range in this group is limited however (60-83 years), and samples numbers are low, it

would be interesting to examine this product in a larger and wider age group, perhaps

with the hypothesis that it accumulates as part of normal human aglng.
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lnterestingly, an epilepsy sample contained relatively high levels of the 29kDa band,

when loaded immediately after homogenisation of the frozen tissue block, but was not

detected after freeze thawing of the same homogenate. The detection of this band in

disease brains was not affected by multiple freeze thawing cycles of the homogenate, and

was consistent in multiple tissue extractions. It is possible the 29kDa band is present in

all brains but is readily denatured when not pathological. A further study of the stability

of this band through multiple freeze thaw cycles in brains of various PM delays is

required to investigate this. When visually comparing ratios of the 42kDa to the 29l"Da

band (Fig 5.4 versus 5.5), the smaller one was in excess when within soluble protein

homogenates from entorhinal cortex that had been frozen at -80oC for over I year.

Whether this difference is due to homogenate type, tissue region or freezing time remains

to be investigated. However, it could be argued that the smaller, protease resistant species

is less prone to degradation over time than the full length TBP protein.

The monoclonal antibody 1C2, raised to the polyQ tract within TBP, preferentially

detects a 37kDa protein (Fig. 5.a); the 42kDa and 29kDa bands were only weakly seen

after extended film exposure periods. In addition, whilst it readily detected overexpressed

full length TBP, it barely detected the deletion mutant TBP protein (Fig. 5.6), with a

comparable number of polyQ repeats. lC2 is known to poorly detect polyQ inclusions

(Sieradzan 1999), preferring the soluble polyQ epitope. The findings in this chapter are

consistent with lC2 detecting a soluble form of full length TBP from disease brain at

37l}a, and failing to detect incompletely denatured polyQ structures, such as those likely

to reside within the 42kDa and 29kDa and deletion mutant proteins. However, it is

interesting that pTBP barely detects the 37kDa protein, it is also only noted at extended

exposures, its epitope (residues L2-29\, just N-terminal to the repeat, may be better

exposed in a version of the protein where the polyQ tract is not fully soluble- This is

consistent with the ability of pTBP to detect the protease resistant version of the protein

and the filter happed protein in Chapter Three. However, these are speculative theories,

and will require further investigations.
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Chapter Five - SDS PAGE analysis of TBP

It is also possible that the 37kDa lC2 immunopositive band was the result of binding to

another polyQ containing protein. Of the known polyQ diseases, TBP contains the

longest normal length polyQ tract (Chapter l, Table 1.2), however, normal alleles with 39

repeats are known within ataxin-l (expansions cause SCAI) although the most common

allele length is 30. The ataxin I protein is 816 residues long, with apredicted molecular

weight of 87kDa. A search of the public database (http:i/wu,u,.ncbi.nlm.nih.gov) was

performed to determine if human proteins are known with a polyQ repeat longer than

that of TBP. Thirty eight pure glutamines were used in a short nearly exact protein blast

search of human non redundant sequences, and a single protein was identified that does

carry a longer repeat tract than TBP. This is FOXP2, a forkhead / winged helix

transcription factor not known to cause a polyQ disorder. FOXP2 contains a repeat ffact

of 40 glutamines encoded by both CAA and CAG codons and is very stable within

humans (Bruce 2002). FOXP2 has an important function in speech development;

mutations outside of the polyQ tract cause a severe speech deficit (Lai 2001). Splice

variants for FOXP2 exist, resulting in three major isoforms, each with slight differences

in the length of the N-terminus. their predicted nrolecular weights range from 70.1 to

82.5kDa (Genbank reference accession numbers NP_055306, NP_683696, NP_683697

and NP_683698). Interestingly, RT-PCR studies have revealed the presence of a variant

of FOXP2 truncated after exon 10, resulting in a 48kDa protein, still containing the

polyQ tract. All transcripts exist in adult brain (Bruce 2002), therefore it is possible that

FOXP2 is detected by lC2 in the human disease tissue samples within this study. tn this

thesis, long exposure times with lC2 revealed weak 62-66kDa and 52kDa bands visible;

these may conespond to FOXP2 proteins (Fig. 5.58 and data not shown), but if so,

suggest that full length FOXP2 is at very low levels. Therefore, for the purposes of this

thesis, the 37kDa band detected by lC2 has been attributed to full length soluble TBP,

but the possibility that it is detecting another polyQ containing protein remains.

The formic acid treatment of the brain homogenates demonstrated that the 29kDa TBP

band can be disassociated, indicating that the 29kDa protein is incompletely denatured, or
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Five - SDS PAGE

in a multimeric form. Unfortunately the gel would not have resolved anything smaller

than l9kDa, which in hindsight is likely where this product may have migrated to.

Further work will determine the size of the completely denatured form of this protein.

In addition, the 29kDa TBP immunopositive protein displayed resistance to degradation

by proteinase K, a non-specific protease. Here, resistance was seen at l0pg/ml but lost at

50 or 100pg1ml; digestion was carried out at 37'C for t hour. Various methodologies are

used in prion reseach to detect the protease resistant PrPsc, so it is difficult to compare

techniques. In some reports Z}pg/mL PK is used, and digestion proceeds for 30 minutes

at37"C (Muramoto lgg6),within a similar buffer, although containing less Triton X-100

(0.5%) and no SDS, when compared to that used in this thesis. Other reports use

l0gpg/ml for 8 hours, but at 4"C only (Bendheim 1985), again making it hard to compare

results. Aliquots of the samples used in this study were loaded almost immediately onto

SDS PAGE gels, without further concentration, whilst in many prion methods an

ultracentrifugation or protein precipitation step is undertaken prior to westem analysis. In

disease brain Al l, no loss of concentration of the 29kDa band was seen at lOpg/ml (Fig.

5.10). The buffers and conditions described in this thesis were as directed by the

Proteinase K product insert (Roche) to allow maximum activity of the enzyme.

Further work will determine the site and mode of truncation of TBP to generate the

29kDa band described here. With the information available to me several scenarios are

possible for the generation of the 29kDa TBP band:

r the result of altered secondary structure within full length TBP (no cleavage)

r the result of cleavage giving rise to a monomer migrating at29k'Da

o the result of cleavage giving rise to a multimeric complex migrating at?9kDa

Proteolytic cleavage of the amyloid precursor protein can result in the release of the B-

amyloid fragment, this occurs in normal human brain, but becomes a major part of the
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pathology of, those who dovelop Alzheimer's disease (Chapter One, seetion 1.2'l). The

29lfla band described in thir chapter wae deteoJed to some degree in most brains

examiOed" but levels were significantly highcr in dis@se brain sarnplos. Its p.r6e,!1ce

within confrol bnain arad at higb levels trirnsiently in cpilepsy biopsy tissue may indicate it

is pan of a noluoal proteolytic process. Differ,ences in tlre strbility of ttris product in

disease compared to contol brains may account for its abtmdance vrithin Alzheimer's

diseagegamples. Howevern it remelins to be dderrnined if protease cleavageis,rellponsiblB

for the goreration of this TBP sp'eoies.
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5.5 GottcLUStoNs

Within human brain tissue two TBP specific bands are found using the pTBP

antibody, a full length TBP (42kDa) and a potentially truncated fragment

(29kDa).

There was no significant effect of post mortem delay on the detection of TBP,

therefore the lack of normal TBP staining seen in Chapter Four is likely to be

a combination of fixative effects upon the epitope and PM delay.

The polyQ detecting antibody, lC2, preferentially detected a 37|'Da protein,

the 42kDa and 29kDa species were weakly detected only after extended

exposure times.

The 42kDa full length TBP was detected in all brains examined, the 29kDa

band was present in variable amounts across brains. The intensity of signal

from the 29V,Da band was significantly higher in disease brain than control

brain. No significant correlations between the presence of the 29kDa band and

either age at death, or PM delay were found.

The 29kDa TBP immunopositive band was further solubilised by formic acid

treatment, indicating a level of incomplete denaturation of the 29kDa protein.

Future work will determine the size of the formic acid solublised protein.

o The 29h.Da band, but not the 42kDa band was resistant to proteinase K

(l0pg/ml) treatment.

In summary, a potentially truncated form of TBP with resistance to proteinase K

degradation has been identified within human tissue, and is significantly more abundant

in disease brain. Future work will determine the properties and possible cleavage position

of this protein. The next chapter examines the possibility of a direct interaction between

TBP and Tau, as result of the co-localisation data described in Chapter Four.
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Chapter SLr - Interaction of TBP with Tau

GnnPTER Sx
\VESTIGATION OF AN INTERACTION

BETWEEN TBP NruD TAU

6.1 OvERVTEw

Immunohistochemical studies in Chapter Four demonstrate TBP is associated with

neurofibrillary tangle structures within AD tissue. Numbers of TBP tangles seen are

not dependent on the number of Tau tangles present, and differential localization of

TBP and Tau was noted in apparently early stage tangles. Nevertheless, TBP is NFI-

associated, suggesting the possibility of an interaction of some type. This may be a

direct protein:protein interaction, or indirect, where the accumulation of one protein

causes the accumulation of the other within the same structure. Alternatively, the

accumulation of each protein may occur independently within the same structure. The

polyQ repeat length within TBP may contribute as a result of altered protein

stnrctures.

Tau is normally a highly soluble cytoplasmic protein, with an important role in the

assembly and stabilization of microtubules and in axonal and dendritic organelle

transpoft (Chapter One, section |.2.2). TBP is predominantly a nuclear protein, with a

key role in the initiation of transcription (Chapter One, section 1.5). Generallythese

two proteins are localized in different regions of the neuron, although TBP can

associate with condensed chromosomes (Chen 2002), and Tau is involved in spindle

formation (Matus 1999). An abberant interaction between TBP and tau may lead to a

reduction of normal function of either protein, or a gain of abnormal function through

altered structures.

The development of a SCA17 cell culture model previously in this lab (Chapter One,

section 1.4.3) allows the investigation of the effects of the polyQ repeat length within

overexpressed TBP in Neuro2A cells. This model demonstrated that the cellular
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localization of TBP is altered depending on the repeat lenglh (Reid 2003). Chapter

Three of this thesis described increased detergent insolubility of TBP in the SCA17

model with increased polyQ repeat length. To test the hypothesis that overexpression

of TBP and Tau within the same cell may result in altered distribution of either

protein, the SCA17 model was used in conjunction with overexpressed human Tau

protein. Transient cell culture experiments can elucidate what interactions are

possible, but may not explain what happens in reality, in the late onset human disease.

A human GFPTau expression plasmid was kindly made available by Greg Sutherland

in this research group. This construct expresses full length human Tau as a fusion

protein at the C-terminus of GFP. Various isoforms of Tau exist in the human brain

(Chapter One, section 1.2.2), this construct encodes a 3 repeat isoform. ln addition, a

construct expressing the same Tau isoform, without the fluorescent fusion protein,

was also provided by Greg Sutherland. Sequence and protein expression confirmation

of both constructs are described within Greg Sutherland's PhD thesis and a construct

map is within Appendix II. In this chapter, epifluoresent and confocal microscopy was

used to investigate the location of the two proteins with respect to each other. To

investigate the presence of a direct interaction, immunoprecipitation experiments were

performed in both transfected cells and in human disease tissue.
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6.2 MerHoDs

6.2.1 Co-expression of TBP and Tau proteins

Neuro2A cells were plated in 24 well plates at a density of 40,000 cells per well and

transfected after 24 hours with 0.6pg of GFPTau and 0.6pg of a co-transfected DNA.

Control transfections included wells with Fugene only. Co-transfected constructs were

pcDNA empty vector only, TBP37,TBP44, TBP48 and TBP90. Cells were viewed

from 24 hours and duplicate wells were fixed at 48 hours and 72 hours post-

transfection. Duplicate wells had cells plated onto glass coverslips for confocal

studies. Cells underwent immunocytochemistry using pTBP l:500 followed by

rAlexaRed at 1:500. Methods for transfection and immunocytochemistry are in

Chapter Two, Secti ons 2.2.2 and 2.2.8.

6.2.2 I m mu nopreci pitation sfudies i n co'tra nsfecfed cells

To test the suitability of pTBP, fTBP and pTau antibodies for immunoprecipitation,

Neuro2A cells growing in 6 well plates were transfected with 4.8pg TBP48 or Tau

plasmid DNA and each well lysed at 48 hours post transfection in 80pl

immunoprecipitation buffer. Immunoprecipitation was carried out as described in

Chapter Two, section 2.2.9, using 25pl cell lysate per l0pl beads that had been

prebound with either 10pl (zpe) pTBP, l0ul. (2pg) fTBP or 1.3p1 (8pg) pTau

antibodies. All three are rabbit polyclonal antibodies. Following washes and removal

of the supernatant, beads were mixed with 50uL lx Laemmli buffer, heated at 95oC

for 5 minutes and 25uL loaded onto duplicate SDS PAGE gels. Westerns were

performed using pTBP at l:2000 or pTau at I :7500 and followed by rHRP at 1:5000.

To investigate whether co-immunoprecipitation of TBP and GFPTau was possible,

Neuro2A cells were plated at 200,000 cells per well in 6 well plates, and transfected

after 24 hours with l.5pg TBP36, TBP48, TBP90, Tau and GFPTau constructs. All

wells contained a total of 3pg DNA, single transfections were balanced with OGFP

DNA (gGFP defined in Appendix II). Each well was lysed 48 hours or 72 hours post

transfection in 80pl immunoprecipitation buffer, three replicate wells were

transfected, ffid pooled after lysis. Cells were plated at this lower density to

discourage overgrowth at the 72hovr time point. lmmunoprecipitation was carried out
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as dessri-bed in ehapter Two, seetion Z.z.g,using 35g.I .eell lysate per l0pl beads that

had been prebound with 10pl (Zpg) pTBP antitody. Bead only controls (l{o IP) had

lysates added to beads with no preborrnd antibody. All samples roceived the thind of

the forr final washes in PBS cont4ining 750mM NaCl to inrprove sfiagency'

Following wash€s and removal of thE supernatant, beads werc mixed with 60pl 2x

Laemrnli buffer- heated at 95oC for 5 minutes and 20pl loaded onto duplicate SDS

pAGE gels. Wosterns were perfonned usiug p-TBP at 1:2000 or pTau at l:6000 and

followed by IHRP at 1 :5000.
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6.3 ResuLTs

6,3.1 Co+xpression of TBP and Tau

Neuro2A cells were successfully transfected with both GFPTau and TBP polyQ repeat

length constructs and the use of a flourescent antibody attached to TBP allowed

comparison of the two proteins within fixed cells. TBP constructs carrying repeat lengths

of 37, M,48 and 90 glutamines were co-expressed with GFPTau, and fixed at 48 and72

hours. Gross morphological changes due to altered repeat length were not noted. In

general, all cells appeared healthy to the end point of the experiment. ln most GFPTau

positive cells, with and without co-transfection of TBP, GFPTau was not seen in the

nucleus, being predominantly in the cytoplasm, and in some cells throughout dendrites as

well. GFPTau positive spindles (Fig. 6.1) were evident whilst visualizing live cells,

indicating cells undergoing mitotic division.

GFPTaU

Figure 6.1 Spindle formation visible in GFPTau transfected cells. Living cells at

nearly 48 hours post transfection during spindle formation were readily visualized by

GFPTaU (indicated by arrowhead). These cells had a rounded morphology and appeared
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to be slightly less adherent to the plastic, as can be seen by the difference in

focal plane between this cell, and the other more commonly seen nucleus excluding

positive GFPTau cells. Scale bar:40uM

Unfortunately these cells do not remain after fixation, presumably due to slight

detachment from the flask surface at this stage of the cell cycle, therefore co-

localisation could not be examined on cells during spindle formation.

Epifluorescent microscopy examination of GFPTau and TBP expression revealed in

general a differential localization of the two proteins. TBP is predominantly nuclear

located for repeat lengths 37-48 and GFPTau is cytoplasmic. (Fig.6.2).

GFPTaU pTBP merge
Figure 6.2 TBP48 co-expressed with GFPTau in transfected Neuro2A cells.

Epiflourescent microscopy demonstrating the localization of TBP48 and GFPTau

when expressed within the same cell. Cells were fixed at 48 hours. A. GFPTau

(green) is predominantly cytoplasmic, whilst TBP48 (B-red) is predominantly

nuclear. Scale bar : 40uM.

Despite the apparent absence of a general effect of overexpressing both TBP and Tau

together in the same cell, there was on rare occasions an indication that the

distribution of GFPTau was altered, noted either by homogeneity of GFPTau

throughout the cell, or by slightly unusual GFPTau structures within the cell (Fig.

6.34, D). The appearance of double transfected cells with altered localization of the

Tau protein to the nucleus was of great interest. Early experiments (data not shown)
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had a;lso hinted ,at this gpe of ef&ctn sometimes only after 'erc€nded cxlnession

peri'ods" and alwayrs. in only a very srrall propoition of eolls. These preliminary

,experinnents had hinted at alter€d GFPTau:distribution at TBP pol Q r€paatlengths of
48, while ih the experiment descri'bed he,re, the effect wa$ mor€ often seen with

TBP90 expressing eells (Fi& 6,3). Merged images suggcst co-localisation, but the

limitations of a standard inverted epifluorescent mioroscope with intensely fluorescent

samples, make confirmation of'oo-looalisation difficult, These cells warnrnted a more

thorouglr invesligation of the localization of the two proteins wing con.focal

microscopy.
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merge

GFPTaU
Figure 6.3. Epiflourescent microscopy of altered GFPTau in co-transfected cells.

TBP90 was co-expressed with GFPTau in Neuro2A cells and fixed 48 hours post

transfection. A. In most cells, GFPTau (green) is predominantly cytoplasmic, however in

a small proportion of cells expressing TBP90 (B-red), GFPTau is found in the nucleus. C.

Merged A and B. D. A higher power image of A, the d.istribution of Tau in the cell of

interest (arrowhead) appears nuclear, and possibly punctuate. Scale bar = 40uM'

t37
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Taking thin optical slices in the Z axisusing the confocal microscope, Tau and TBP90

generally did not co-localise in cells that were visibly expressing both proteins, (Fig.

6.4 I and II), irrespective of whether TBP90 was predominantly as a diffuse nuclear

protein (Fig. 6.a I) or as punctuate inclusions (Fig' 6.a ID.

GFPTaU pTBP

Figure 6.4. Confocal microscopy of Neuro2A cells co-expressing TauGF'P and

TBP90. Cells were fixed at 72 hours. I. Arrowheads indicate cells with cytoplasmic

GFPTau protein (A) and diffuse nuclear TBP90 protein (B) with merged images in

(C). Co-localisation is not observed. II. Example of a double transfected cell where

GFPTau distribution (D) appears distorted, within a cell carrying TBP90 inclusions

(E). The resulting merged image (F) shows a hint of co-localisation. Images are

optical slices of 1.luM (D and 1.OuM (lI) thickness approximately midway through

the cells of interest. Scale bar:20uM.

ln some cells, the distribution of Tau was distorted; the nucleus appeared Tau

positive, however in many of these this turned out to be the result of the TBP90

inclusions distorting the available cyoplasmic space. This is the case in the cell

merge
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shown in Figure 6.4 II. Most of the cells investigated more closely as a result of

having altered GFPTau distribution were of this type, and generally the nucleus,

although distorted, would be relatively free of GFPTau. However there were rare

occasions where co-localisation of the two proteins was apparent, examples of these

are in Figure 6.5. The key difference with these cells was the absence of a distinction

between cytoplasmic and nuclear GFPTau staining, this feature was how the cells

were initially identified when moving around the field of view. It appears that

GFPTau is within the nucleus in these cells. Confirmation of this was possible by

examination of all optical slices taken through the cell. The images in Figure 6.5 are

using optical slices approximately midway through the Z axis. These co-localising

cells were not quantified, the time limitations whilst using the confocal microscope

make this impractical, however they are not abundant within the double labeled

proportion of the cells; a rough estimate would indicate less than 5%. The observation

of nuclear GFPTau was not noted in cells co-transfected with TBP37 or pcDNA

vector.
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GFPTaU

ill

Figure 6.5. Co-localisation of GFPTau and TBP proteins in double transfected

Neuro2A cells. Cells fixed at 72 hours, and images captured by con-focal microscopy

where GFPTau distribution appears altered, and at least partially co-localises with

TBP structures. I and ll. TBP90 inclusions co-localize with GFPTau, optical slices are

t.7uM thick (l), and 0.86pM for (ll). lll. A TBP48 GFPTau double transfected cell,

demonstrating some overlap of the two proteins in this 1.3pM optical slice. There was

no clear GFPTau cytoplasmic/nuclear distinction when moving through the Z axis in

all three examples. Scale bar :20pM.

These confocal studies have demonstrated that in a small percentage of co-expressing

cells. GFPTau and TBP can co-localise, and that GFPTau can become nuclear. It
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remains to be determined how GFPTau becomes localized within the nucleus,

whether it is due to events associated with spindle formation or whether TBP with

long polyQ repeats has caused GFPTau mis-localisation.

6.9.2 lmmunoprecipitation studies of TBP and Tau co-transfected cells

The confocal observation that overexpressed TBP48/90 and GFPTau can co-localise,

led to an investigation of whether an interaction could be detected using

immunoprecipitation techniques. Simple experiments were carried out to test the

suitability of pTBP, fTBP and pTau antibodies for use in immunoprecipitation studies

of transfected cells. Both of the TBP antibodies successfully immunoprecipitated

TBP48 and endogenous mouse TBP protein, as detected by pTBP antibody on a

western (Fig. 6.6)

pTBP detection

pTBP lP fTBP IP
TBP48

Tau

lysates
-+
+

-ratG

qF
'' ih,'t

il
It

60-
E^ G'c-q;ltfF $r*t

-40'-(1-f

30-

Figure 6.6 Immunoprecipitation by pTBP and fTBP antibodies. Neuro2A cells

were transfected with Tau or TBP48 constructs as indicated (+,-) and harvested at 48

hours. A. Immunoprecipitation using pTBP, fTBP antibodies and subsequent

detection by pTBP. Lysate aliquots were loaded alongside. Rabbit IgG migrates at

approximately 55kDa and protein G at 32kDa. Endogenous mouse TBP migrates at

approximately 39kDa, and full length human TBP48 at 471'Da. Film was exposed for

30 seconds.
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Rabbit IgG and protein G bands were also identified on the gels, travelling at 55kDa

and 32kda respectively, these bands were always present when beads were prebound

with a rabbit polyclonal antibody; the protein G band is present whenever the beads

are loaded onto the gel, irrespective of whether an antibody had been prebound to

them or not (data not shown). Use of the pTBP antibody resulted in good levels of

detectable overexpressed and endogenous TBP. Therefore pTBP was used for all

further IP studies. Whilst fTBP has immunoprecipitated TBP48 and to a lesser degree

endogenous mouse TBP, its use for westems is very limited (data not shown)

therefore use of the fTBP antibody was not continued. The Tau antibody (pTau) was

very limited in its ability to immunoprecipitate overexpressed Tau protein despite

western analysis confirmation that overexpressed Tau was abundant in the lysates

prior to immunoprecipitation (data not shown). Therefore the use of pTau as a

precipitating antibody was not continued.

To investigate whether TBP and Tau may co-immunoprecipitate when both proteins

were overexpressed cells were transfected with Tau or GFPTau vectors as well as

with one of the TBP polyQ vectors (TBP36, TBP48, TBP90), and harvested for

western analysis and immunoprecipitation at 48 and 72 hours post transfection.

Western analysis confirmed that all plasmids were correctly expressed however some

interesting observations were noted in TBP90 co-transfected cells. Figure 6.78

demonstrates that all transfected proteins were expressed in the 72 hour lysates,

however a reduction in detectable TBP90 is noted when co-expressed with Tau

protein and even more so when with GFPTau. TBP90 is migrating as a doublet in all

samples, it is possible a portion of the protein has altered conformation in these gel

conditions; re-sequencing of this plasmid confirmed that exactly 90 glutamines were

being encoded.
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Figure 6.7 Expression levels of co-transfected TBP and Tau constructs. Lysate

samples from the 72 hour time point only. A. Expression of Tau and GFPTau detected

by pTau antibody in co-transfected cells. B. Expression of the TBP repeat length

constructs detected by pTBP antibody in co-transfected cells. The presence or absence

of each transfected DNA is indicated above each gel, all transfected cells received the

same total amount of DNA. Molecular weights (kDa) are indicated to the left' Film

exposure times were 30 seconds and 2.5 minutes for A and B respectively.

lnterestingly comparison with the detection of Tau in the same samples (Fig. 6.7A)

indicates that some reduction in detected Tau and GFPTau is also seen at 72 hours.

Visual examination of the GFPTau protein under the epifluorescent microscope of

cells prior to harvest did not suggest a dramatic reduction in transfection efficiency,

however accurate efficiencies were not determined, nor was TBP90 transfection

efficiency determined. It is possible that an interaction or misfolding of these two

proteins has resulted in a reduction of available epitope for both pTau and pTBP,

whilst fluorescent GFP is detectable. High molecular weight immunopositive protein

was not noted in the stack gel of these samples. Also of interest is the relative

abundance of low molecular weight Tau positive proteins within the TBP90 Tau co-

expressing cells (Fig 6.lA), this may indicate structural alterations of Tau when in

combination with a long polyQ repeat tract in TBP. This altered Tau patterning was

not noted with shorter TBP repeats or with GFPTau proteins. Previous preliminary
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Chapter Six - Interaction of TBP with Tau

experiments had suggested a similar alteration of the Tau banding patterns, however

further work will clarify this, alongside accurate transfection efficiency and total

protein calculations prior to western analysis.

Immunoprecipitation results from experiments using the same lysates as those in

Figure 6.7 were ambiguous, an indication of GFPTau co-immunoprecipatation with

pTBP antibody was seen but was not robust (data not shown). Successful self-

immunoprecipitation of the various repeat length TBP proteins was achieved (Figure

6.8) Interestingly, the amount of TBP90 precipitated from the 72 hour co-transfected

sample was low, perhaps reflecting the lower amount of detectable TBP90 present

within these lysates (Figure 6.78).

pTBP detection

pTBP lP nolP

hours PT 48 4a 48 48 72 72 72 72 72
GFPTaU+ + + + + + + + +

TBP- 36 48 90 - 36 48 90 48

nTFFn'rrfF{ir
80-

. n:"-50-
4fJ- t;

h-r-

r ud bt.. r-l

riil
t-a>--

Figure 6.8 TBP self immunoprecipitation in co-expressing cells. pTBP detection of

TBP co-expressed with GFPTau. Lysate samples are from 48 and 72 hours post

transfection (PT). The presence or absence of each transfected DNA is indicated

above each gel, all transfected cells received the same total amount of DNA. A no [P

control (noIP) contains lysate added to beads with no prebound pTBP. Molecular

weights (kDa) are indicated to the left. Film exposure time was 2.5 minutes.

A direct interaction between TBP and Tau may not consistently be detectable using

immunoprecipitation methods due to the low frequency of cells with co-localising
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protein seen by confocal imaging in seotiorr16'.3,1 of this chapter. Interastions betvven

TBP qnd Tau may onty'be detocted in the context of a late,onset disease, presuming

that protein interastions rernain intact after post mortem d€lay and subsequent tiszue

freezing. Brain inmunopreeipitation experiments Were attempted but results were

vary amblguous (data not stroum), therefore no conclusions could be drawn regardittg

interactious betureen thase proteins using immunoprecipitafi on.
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6.4 DrscusstoN

The experiments in this chapter were performed to investigate the possibility of an

interaction between overexpressed TBP and Tau. The overexpression of proteins

within cell culture systems can result in artifactual protein localizations, due to

concentrations generally being vastly higher than the cell is accustomed to dealing

with. Here, two proteins known to have tendencies to misfold have been expressed

together. Nevertheless, a spatial association between TBP and Tau was described

within human disease brain in Chapter Four; therefore further efforts to investigate a

direct interaction were wiuranted. Epifluorescent and confocal microscopy using co-

transfected Neuro2A cells with GFPTau and various TBP repeat lengths indicated that

co-localisation is not a general phenomenon, but it can occur in certain situations,

perhaps determined by TBP repeat length, hours post transfection and individual cell

factors, or likely, a combination of all of these things. These confocal results therefore

suggest that an interaction between TBP and Tau proteins is possible. However,

control transfections co-expressing TBP with GFP (lacking the Tau fusion) were not

performed, therefore it remains possible that the co-localisation seen is due to

GFP:TBP interactions rather than Tau:TBP. Previous experiments (data not shown)

including these controls and also testing Tau in place of GFPTau suggest the co-

localisation is Tau dependent.

An observation of reduced detectable expressed protein after co-transfection of

TBP90 with Tau and GFPTau as well as the altered Tau banding pattems seen in

Figure 6.7 , are of interest. Reduced levels of the proteins may be due to several things

including: reduced epitope availability of both proteins in western analysis, reduced

expression of both proteins by the cell, increased protein degradation pathways within

the cell or reduced cell viability leading to less detectable protein. Future experiments

will clarify this observed reduction, and clarify the altered low molecular weight Tau

banding when co-expressed with TBP90. Co-immunoprecipitation experiments on

transfected cell lysates were inconclusive, although the pTBP antibody could

successfully precipitate TBP36, TBP48 and TBP90 proteins. False positives are a

troublesome factor of co-immunoprecipitation experiments (Sambrook 2001), non-

specific interactions can occur with the antibody, or altered cellular environments as a
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result of lysis may be causing spurious interactions between proteins. In the event of a

robust co-immunoprecipitating band being identified in the future, more extensive

controls including control rabbit IgG antibodies would need to be used. However, a

low frequency of co-localising TBP and GFPTau cells are seen within the confocal

studies in this chapter, therefore a more subtle approach may be required to study an

interaction. Flourescence resonance energy transfer (FRET) studies may be more

appropriate, as a means of investigating an interaction that occurs in only a small

proportion of cells. In addition the use of FRET on live cells would allow the

inclusion of the cells undergoing spindle formation that were lost during fixation

(Figure 6.1).

6.5 GONCLUSIONS

Epifluorescent studies of TBP and Tau expressing Neuro2A cells reveal no

gross morphological changes. GFPTau is predominantly cytoplasmic. TBP is

predominantly nuclear at shorter repeat lengths (polyQ 3'7,44,48) becoming

partially cytoplasmic as inclusions form at longer repeat lengths (TBP90). In a

small number of GFPTau and TBP longer repeat co-expressing cells, altered

GFPTau protein distribution was noted.

Confocal studies of these cells at 72 hours post transfection confirmed that in a

proportion of double transfected cells, co-localisation with TBP inclusion

strucfures occurred.

Confocal studies showed that the GFPTau within these co-localising cells was

located within the nucleus as well as within the cytoplasm.

Levels of detectable TBP90 and the Tau or GFPTau proteins were reduced

when co-transfected, particularly when with GFPTau' Tau banding pattems

may be altered by co-expression with TBP90 proteins but not TBP36 or

TBP48.

Co-immunoprecipitation studies on transfected cells and disease brain were

ambiguous. Future studies are required to investigate an interaction of Tau and

TBP, these may be better based on FRET technologies.
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In srmrnary, eo-expression otTBF expandsd r€peat proteins and GFPTau proteins in

NeuroZ.A cellss followed by confocal imaghs revealed a small propoition of cells

with altered GFPTau disnibutiron and co-lsoalisatiorr with TBP. h the noct chapter,

the potye r€pefit lemgth withib TEP will be deduced within DNA samples from

Alzlreimer's disease patients to invcstigate whether arepeat ten$h eff€ct ie associated

with diseas-o.
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GNAPTER SCVEN

TBP NUIELE LENGTHS IN AD PATIENTS

7.1 OvERVIEw

Data in the preceding chapters has described the presence of TBP within neurofibrillary

tangle structures at variable levels, and in a detergent insoluble form in different AD

brain samples. Chapter Five described a smaller, potentially truncated proteinase K

resistant form of TBP present at significantly higher levels in disease brain than control

brain. wild type human TBP alleles are highly polymorphic, ranging in length from 26-

42 repeats in caucasian populations (chapter l, section 1.5.4)' To determine if the

presence or characteristics of TBP within the AD brain tissue samples available to us is

correlated to variations in TBP polyQ repeat length, TBP allele lengths in the brain bank

samples were genotyped. In addition, this would exclude the unlikely possibility that

scA17 disease causing-length alleles were within this AD patient dataset'

The TBP gene is located on the long arm of chromosome 6, at 6q27 and spans 18 Kb

(Figure 7.1). It is in very close proximity to two adjacent genes, both hanscribed in the

opposite direction to TBP.These are the programmed cell death -2 gene (PDCD2) and the

proteasome subunit beta type I gene (PSMBI); the three genes are highly syntenic across

mammals and invertebrates, with human T'BP and PSMBI sharing promoter regions

(Trachtulec 1997, Trachtulec 2004).
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Figure ?.1 Position of TBP on chromosome 6 with respect to the physical position of

pMSBI and PDCD2 and markers used in AD linkage studies. The portion of

chromosome 6 on which IBP resides is displayed, with the inset indicating the region of

enlargement. The two markers closest to TBP demonstrating linkage in genomic studies

of AD patients are indicated, as are two genes known to be tightly linked and syntenic

with ?.BP (PMSBI and PDCD2). Arrowheads indicate direction of transcription (>>>> or

<<<<). There are 94 known genes within the displayed region (NCBI Map Viewer:

',r'1.w'.ncb i.1 l nl. p ih. sgr,'nrapv eitvcr).

Interestingly, a genome scan study of AD families (Blacker 2003) reported suggestive

linkage with marker D6S 1027 (l87cM) at 6q27 (multipoint likelihood score of 2-7 and a

multipoint likelihood ratio Z-score of 3.5). Another paper finds linkage to this region

within late onset AD aftbcted sibling pairs (Olson 2002), using marker D6S1007. This

was their most distal marker on chromosome 6 and it resulted in a baseline LOD score of

3.88 with a p-value of 0.000012. An earlier report using a large mixture of datasets

including families and sib pair cohorts report slight evidence for linkage at D6Sl027 with

a multipoint likelihood score of 1.03, and a two point lod score of 1.20 (Pericak-Vance

2000). Only one marker for the region displayed in Figure 7.1 was used for each of these
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reports. TBP lswithin 1.7 Mb of D6Sl027 and within 12.7lvlb of D6S1007 (Figure 7.1).

Whether the linkage demonstrated by these markers is due to a TBP effect remains to be

determined. Various genome wide studies of AD samples have been published, some

leading to the identification of the four genes (APP, PSENI, PSEN2 and APOE4)

introduced in Chapter One, section 1.2.4. A recent review has summarized a further five

chromosomal regions where at least one study demonstrated a significant finding

(Bertram 2004), of which 6q25-27 is one. Candidate gene association studies to pinpoint

the site of linkage in this region have not been published to date.

In an extension of the inverse age of onseVpolyQ repeat length correlation seen in

SCA17, it was hypothesised that the normal (but long) repeat within TBP may be capable

of contributing to AD and / or the age of AD onset. This could be investigated by

determining TBP repeat lengths in AD patients and comparing to control groups.

However, the extrapolated age of onset/repeat length correlation was likely to be weaker

at these normal repeat lengths (Kremer 1993), therefore it was predicted that effects

would be difficult to detect.

It was also apparent that the relatively small number of Neurological Foundation Brain

Bank samples available would not have the power to detect anything but very strong

effects of TBP repeat length. Importantly, previous reports of TBP allele length show

marked distribution differences between racial groups (Chapter l, section 1.5.3)' and little

accurate information exists regarding the ancestral background of the brain bank dataset.

Collaborations with Professor Michael Owen at the College of Medicine in Cardiff'

Wales, made access to AD association cohorts possible. This allowed the examination of

the TBP polyQ repeat length distribution in large age and sex matched datasets, where

Caucasian ethnicity has been ascertained. Many association studies to identify AD genes

have been published, in 2003 aloneo 37 positive and 67 negative associations were

published, (reviewed in Bertram 2004). However, association studies are greatly affected

by their design (Cardon 2001), and many can not be replicated. Of particular importance

is the selection of control samples in association datasets, particularly where ethnic

diversity may exist. The datasets made available by Cardiff collaborators for this research
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have been re.sfioted to those fhom Caucasian anoesbry. The Welsh population is

partio,utrgrly good for this ty.pe of work as it has been relatively stable apart ftour net

migration

This chapter dEscribes genoqrping sf TBP and ApoBl alleles within the brain bank

samples, initially using low throughput techniques, followed by the dwelopment of a

high throughput g,enotlping teet suihble for the accurate g€noqp-ing of the nruoh larger

association datasets from tbe UK- Results from statistical anatysis of this dataset will be

presented, and inolude the use of datas€ts sfiatified on the presence of the ApoBt allctre.

and / or age of onset to examine ffre effect of the TBP polyQ coding r€,peat length.
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7.2 MRTERIALS AND METHODS

The methodology for exhaction and Methods I and2, to genotlpe the TBP alleles within

the brain samples is detailed in Chapter 2, sections 2.2.13 to 2.2.18, as is methodology for

determining the ApoE alleles in the brain tissue samples. In brief:

Method I : direct sequencing of gel separated alleles

Method 2 = subcloning and sequencing of 10 individual clones per brain sample

Method 3 = fragment lenglh analysis using ABI3100

7. 2.1 Alzhei mer's assoc i ati on dataset backg rou nd i nformation

During the course of this research, two large association cohorts containing DNA samples

provided from a team of clinicians, researchers and held staff (including Michael Owen,

Simon Lovestone, Julie Williams, Dragana Turic, Paul Hollingworth, Luke Jehu and field

workers) who have collated a large dataset comprising of 360 patients and matched

controls (MRC Genetic Resource for Late-Onset AD) were made available. For the

purposes of this study, the t'wo cohorts were designated Dataset A and Dataset B'

Collection criteria were identical, with Datasets A and B each having 180 age and sex

matched patienVcontrol pairs. For both datasets, 90 of the matched pairs were collected

from London based subjects, and 90 pairs from Cardiff subjects. Patients were diagnosed

as probable AD according to the National Institute of Neurological and Communicative

Disorders and Stroke (NINCDS) and the Alzheimer's Disease and Related Disorders

Association (ADRDA) criteria (McKhann 1984). Only individuals with age of onset > 60

years and grandparents of UK Caucasian ethnicity were selected. Controls were matched

for age an<l sex. Only individuals with a normal level of cognitive functioning, as

assessed by the Mini Mental State Examination (MMSE), were included as controls.

Exclusion criteria included the presence of dementia, depression, delirium or other

illnesses likely to significantly reduce cognitive function. ApoE allele status had already

been determined in these datasets, using previously described methods (Turic 2001), and
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was kindly provided to me by the Cardiff research group (Prof. Michael Owen et al) for

inclusion in this analvsis.
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7.3 ReSULTS

7.3.1 Brain bank TBP allele genotypes

DNA was extracted from cerebellum tissue from the brain bank samples and was of good

quality as determined by spectrophotometer readings (at 230, 260 and 280nm) and gel

electrophoresis. The use of Methods I and 2 allowed the identification of eleven

different TBP haplotypes, each differing in the distribution of CAA and CAG repeats

within the polyglutamine coding region (Table 7.1). As previously reported, (Gostout

1993), there are two regions which are polymorphic in these samples, region 2 and region

4, each containing the two largest stretches of pure CAG's within the tract. The overall

pattern of polyglutamine coding repeats within the brain bank samples is shown below,

with region two and fbur shown in bold type:

CAGr CAAI CAGs-rr CAA CAG CAA CAGrr-roCAA CAG

Table 7.1 TBP allele repeat haplotypes seen in the brain bank samples. The eleven

different TBP repeat haplotypes detected in the l3 disease (26 alleles) and 7 control (14

alleles) samples are listed below. The frequency of each haplotype with the disease and

control groups are shown in the third and fburth columns, with percentage in brackets.

Haplotype Total # Disease n
repeats (%l

Control n
(%l

Region 2 Region 4

A
B
C
D
E
F
G
H
I
J
K

32
36
a-)t
38
39
40
38
4T

32
36
39

2 (7.7)
6 (23.r)
7 (26.9',)

s (te.2)

l (3.8)
3 (11.5)

l (3.8)
l (3.8)

i rrr.ot
5 (3s.7)
3 (?r.4)
r (7.r)

l (7.1)
r (7.1)

CAGq
CAGq

CAGrz
CAGro

CAGq CAGrz
CAGrs
CAGr,)
CAGzo
CAGro
CAGrs
CAGr:
CAGrz

CAGs CAGzo

CAGq
CAGq
CAGq
CAGr r

CAGI I

CAGs
CAGs
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7.3.2 Comparison of technigues for TBP allele Uping

Direct sequencing of gel separated TBP alleles (Method l) allowed repeat haplotype

calling as well as repeat length. Despite attempts to gel separate alleles, most sequencing

reactions contained both, as even minute amounts of DNA are readily amplified in the

sequencing PCR. Repeat haplotype calling was still possible for most samples, although

time consuming. Some alleles could not be identified this way, and therefore required

subcloning and sequencing of 10 individual clones per sample to distinguish and identify

the two alleles (Method 2). Clearly both Methods I and 2 are much too labour intensive

to perform on a large number of samples. When the brain bank samples were analysed

using the 3100 (Method 3) unambiguous and repeatable results were seen. Due to the

speed of Method 3 it was possible to repeat the PCR reactions several times on occasions

where the three methods were not in agreement. One particular brain sample (A9)

consistently gave ambiguous results with all three methods, and ultimately it was

concluded that three TBP alleles (carrying 36,32 and 34 repeats) may exist in this brain,

possibly due to a form of genetic mosaicism in the cerebellum tissue the DNA was

extracted from. For simplicity I have excluded the third. less prominent allele (34 repeats)

seen in thisbrain from tables and analysis. Overall, the optimized Method 3 (3100) was

fastero more accurate and more repeatable than the other methods. However, unlike the

other Method I and 2, it does not provide haplotype information.
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7.3.3 Brain bank APOE allele genotypes

Some difficulty arose during the ApoE PCR amplification from the brain bank DNA

samples, with many samples requiring magnesium concentration adjustment to achieve a

clean PCR product. One sample (Cl) could not be amplified, therefore ApoE status

remains unknown. The ApoE region is very GC rich, which is likely to have been the

cause of amplification difficulties. For all other samples, once a clean PCR product was

attained, sequencing clearly discriminated between the three allelic versions of ApoE.

The allelic variations seen are shown in Table 7.2. Individual brain bank ApoE alleles are

shown in Table 7.3. As reported previously (Farrer 1997), the percentage of samples

carrying one or more ApoE4 alleles was greater in disease samples (55.1%) than in

control samples (28.6%).

Table 7.2 ApoE allele calling in the brain bank samples. The combinations below

were seen within the brain bank samples allowing the following alleles to be called:

ApoE2 : tgc and tgc, ApoE3 = tgc and cgc, ApoE4 : cgc and cgc at nucleotide positions

448 (Codon 130) and 586 (Codon 176) of NM_000041 reference sequence respectively.

Note this is the precursor ApoE, so codon numbering differs from other reports of codons

112 and 158, which refer to the mature peptide.

Codon 130 Codon 176 ApoE allele
tgc (Cys)
cgc (Arg)

cgc (Cys) and tgc (Arg)
tgc (Cys)
tgc (Cys)

cgc (Arg)
cgc (Arg)
cgc (Arg)

tgc (Cys) and cgc (Arg)
tgc (Cys)

3and3
4 and4
3and4
3 andZ
2 and2
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Table 7.3 TBP and ApoE alleles for each of the available brain bank samples.

TBP allele repeat length (and repeat haplotype) and ApoE alleles are shown for each of

the brain bank samples. Average, median, mode and range values are shown below for

TBP repeat lengths, when both alleles are treated independently (see Table 7.5, Method

I). nd. - not determined due to repeatedly poor ApoE amplification.

TBP allele I TBP allele II ApoE alleles
IIIrepeat haplotvpe reDeat haplotvpe

AI
L2
A3
A4
A5
A6
L7
A8
A9
Al0
All
Lt2
A13

cl
C2
c3
C4
c5
C6
c7

38
38
37
a-JI
aaJI

38
38
39
36
38
JI
40
38

38
38
37
4l
37
38
37

C
C
B
B
B
G
C
J

A
G
B
E
G

C
C
B
H
B
C
B

36
5l
32
39
36
?7

36

A
B
K
D
A
B
A

B
B
F
A
A
B
C
A
F

I
A
C
A

1-JI
aaJI

32
36
36
37
38
36
32
36
36
38
36

nd
4
J

3

2
aJ
aJ

nd
4
aJ

3

2

3

3

TBP allele leneth (both) Disease Control

Average
Median
Mode
Range

36.8
JI
38
32-40

37.07
37

32-41

High repeat polymorphism was seen in these samples, I I different repeat haplotypes seen

in a total of 40 TBP alleles (27.5% polymorphism). No significant differences were seen

when comparing TBP allele lengths between disease and control samples from the brain
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banlt. A t-{est sf the average repeat lengt},r of both allclee in trre tw,o saunple groupsl

(disease versus oturnol) rczultd in A p.v,alue of 0.71. One featrrre of note, ds that the noet

conrmon repeat length in the disease gnoup was 38 QA.7%), whilst in tlre conml gfoup

tbe rnode was37 QS,T/ol, altho:ugh again this,was not'significant (ohi test of,distribution

p Value - A.,4T. Because sarnple nurnbers were so low, no furttrEr analysis was, perforrired

on this dgtaqet althorlgh 6n atteqrt to cotrelate all availablE collected data (ftoa

Chaptors T rE€, Four and Five) f,rom these brain bank samples is pr,esented at the eird of

this ehepler.
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7.3.4 3100 genotyping of Dataset A and B

Genotyping of the association datasets on the 3100 using Method 3 was successful and

accurate. Homozygous alleles can be ambiguous, due to the presence of stutter bands that

can be slightly shorter than the actual peak (Fig. 7.2). However, as long as a peak height

threshold of 500 (value reflects sigral strength) was maintained, calling was

unambiguous. All homozygous samples were repeated as were several samples per plate

for repeatability and plate positioning confirmation. In no instance was there a

discrepancy between replicates. therefore high confidence in the accuracy of these results

was achieved. It is possible that this approach was slightly overcautious, although for the

relatively small number (720\ of high throughput samples in these two datasets, this

number of repeat reactions was not cumbersome.

2P

I"1,.I]

I i r "::t-l
:.'", 1.,-.1

'tcle/cltq3:c cary{ { -ii 3t:d 3E tcDca:s

1 2 P

IiT
'1 C.r' Cl Vqillc' aa,' i, r',.1 !,,v,3 3ti r0peals

Figure 7.2 Representative image of data from 3100 Genotyper software,

demonstrating calling of TBP alleles. TBP peaks are selected (P) and sizes are

determined after alignment against internal DNA standards (not shown). A sfutter

fragment I base pair shorter than P is commonly seen (2) and can be quite large (B and

C). Another fragment 3 base pairs shorter than P is usually present (l), always at much

reduced signal. A. An example of a clear heterozygote with TBP alleles of 35 and 39

B

c
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repeats. B. A heterozygote (37 and 39) with strong stutter band peaks. C. A homozygous

sample with two 36 alleles, also with a strong stutter band'

7.3.5 Basic attributes of Dataset A and B

After all samples were confirmed and then aligned with dataset information regarding

disease status, age, sex and ApoE allele status some general statistics were undertaken

revealing that 96.4Yoof available DNA samples resulted in successful TBP allele calling.

This descriptive data is shown in Table 7.4, with data displayed from Cohort A and B

separately and after combination (A+B).

Table 7.4 Dataset information from Dataset A, Dataset B and the combined dataset'

Provided data relates only to samples where TBP alleles were determined, a failed TBP

typing generally being due to low peak heights over repeated samples.

TBP allele statistics Dataset A Dataset B A+B
Total DNA samples

Failed TBP typing (n)
Successful TBP calling (n)

Control samples (n)
Disease samples (n)

London samples (n)
Control from London (n)
Disease from London (n)

Cardiffsamples (n)
Disease from Cardiff (n)
Conrol from Cardiff (n)

Total age onset range (yrs)
Control (yrs)
Disease (yrs)

Males (n)
Control males (n)
Disease males (n)

Females (n)
Control females (n)

360
l6
344
175
169
165

85

80
r79
89
90
6t-93
6r-92
6L-93
79
4l
38
265
134
131

360
l0
350
175
t75
170

85

85

180
90
90
60-92
63-92
60-92
83

43

43
267
t37
r37

720
26
694
350
344
335
170
r65
359
179
180
60-93
6t-92
60-93
r62
82

80

532
268
264Disease females (n
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There are more females than males in the datasets, 76.7% of the combined dataset are

female, reflecting the generally noted higher incidence seen in women (Jorm 1998,

Schoenberg 1986), this proportion is consistent in all the subgroups. The control DNA

samples each have a collection age; this is matched with the age of onset for a disease

sample of the same sex in the generation of the association cohorts to achieve an age

matched cohort. Table 7.4 indicates that age range and sex are well matched in the

samples that are used for later analysis (those where TBP alleles were successfully

determined). A closer examination of the quality and consistency of the dataset across

subgroups is undertaken in the next section.

7.3.6 Quality control of datasets

As the use of these association datasets has not yet been published, an attempt to gauge

their suitability for this analysis was undertaken. Variability may exist within each of the

collection subgroups, Datasets A and B were collected at different times, and within each

dataset, subjects were collected from Cardiff and London by two clinical teams'

Therefore despite using the same collection criteria, these spatial and temporal

differences warrant confirmation that the subgroups are similar enough to be combined in

analysis. The average age and age distribution of the datasets was investigated, as a clue

to the similarity of the subgroups. ApoE4 is a known risk factor for AD, therefore within

these subgroups, disease and control populations should display significantly distinct

ApoE4 distributions. The outcome of these quality control tests are presented below.

Age matching

When looking at average age of subjects from Cardiff and London (Table 7.5), it is

apparent that controls are well age matched to disease subjects. When comparing age

distributions rather than averages, using a Chi test. no significant difl'erences were found

when comparing disease and control subjects from Dataset A or B or both datasets

combined (Chi test p values dataset 4:0.78, dataset B=0.91. combined datasets:0'78),

therefore control subjects are well matched with disease.
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Table 7.5 Average age for subgroups of the dataset. The average age of onset is

presented for AD subjects, and the average age of collection for the control subjects. The

selection criteria during the generation of the datasets should mean that AD and control

ages are well matched.

Subgroup AI) Control Total

Cardiff Dataset A
Cardiff Dataset B
All Cardiff
London Dataset A
London Dataset B
All London
All Dataset A
All Dataset B
Total

74.52
7s.56
75.04
73.66
78.01
75.83
74.r0
76.60
75.44

75.79
76.62
76.21
74.78
78.03
76.41
75,30
77.30
76.31

75.r5
76.09
75.62
74.25
78.02
76.t3
74.70
77.00
75.88

When comparing ages from the various subgroups (Dataset A and B, lnndon and

Cardiff), some variability in age is noted. for example, London Dataset A subjects are

younger than Cardiff and Dataset B are older. Statistical t tests were applied to the data

to determine if significant differences in average age exist between subgroups. A highly

significant difference between London Dataset L (74.25) and B (78.02) in average age

exists (t-test p value 1.4E-ll ), however when dataset A and B are combined, no

difference is seen in the age of onsetbetween London (76.13 years) and Cardiff subjects

(75.62 years) (t-test p value 0.112). The average age in Dataset A (74.7 years) and B

(77.0 years) are also significantly diflerent (t-test p value 4.08E-t ').

In summary, the disease and control subjects are age matched, but a significant difference

in average age exists between Dataset A and Dataset B, largely due to the older London

Dataset B subjects.

ApoE4 allele distributions

The presence of the ApoE4 allele is a known risk factor for AD, and therefore significant

differences in its distribution are expected between AD and control gloups- As predicted

(Farrer lggT), the distribution of the ApoE4 allele was significantly different between
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disease and corr-trol gfoups (Ctiteet p-vafuue 5.2E 11, as the Er[ alle]e i'-s, naore oommonly

seen in AD, To examine whethef subgiOups of the dataset de,monstri4te this Eharacteristio

fimturo of AD, Cti testg of the distribution of the ApoE4 alleLe in all subgroups were

pe orrned (Tabl,e 7.6).

Table ?.6, ^{poB4 allele dlstribgtion of the dataset The distribution pf the, ^ApoB4

allele is tabulated to show its,absEnoe (0), or presenffi in one,(1) o-r both @) alleles.

E4 stahrs AD Control

CardiffDat'aset A

Iondon DarasetA

CardiffDataset-B

Ipndon DabsetB

Tojal Dataset A

Total DatasetB

Cardiff Dataset A and B

I,ondon Dataset Aand B

Cornbind Datasets

0
I
2

0
I
2
0
I
2
0
I
2
0
I
2
0
1

2
0
I
2
0
I
2
0
I
2

34
39
t5
25
39
ll
36
40
r0
36
38
10

59
78
2;6

72
7A
2A
70
79
25
6l
7V
2r
l3l
156
46

63
18

3

56
n
0
68
t7
3

60
l9
3

ll9
45
3

128

36
6
131

35
6
116
45
3
247
8t
I
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Table 7.7 Chi test results of distribution differences between disease and control

groups. Chi tests were performed to examine whether the disease and conffol groups

demonstrate a significantly different ApoE4 allele distribution. This is to investigate any

potential differences in subgfoup populations, and to determine if each subgroup

demonstrate features expected of an AD cohort.

Subgroup Chi test p-value
AD vs control

Cardiff Dataset A
London Dataset A
Cardiff Dataset B
London Dataset B
Cardiff Dataset A and B
London Dataset A and B
Total Dataset A
Total Dataset B
Combined datasets

5.22E
4328'6
1.08E-s

3.2284
5.g3E-rr
4.glE-e
5.42F.'tl
3.96E-e
5.28-re

As expected of an AD association dataset all subgroups demonstrate a highly significant

difference in ApoE4 distribution between disease and control subjects. However an

observation from Table 7.6 is that a higher proportion of disease subjects from Dataset B

carried no ApoE4 alleles than Dataset A. This was noted in both the Cardiff and

particularly the London subjects from Dataset B. The disease and control groups from

Dataset B do have significantly different ApoE4 distributions, however there is a

reduction in the level of significance (Table 7.7 p-values from Dataset A subgroups

compared to B). Therefore Chi tests were performed on subjects across subgroups,

keeping disease and control separate, to investigate whether all subgroups are similar

enough in ApoE4 distribution to be treated as one group. No significant difference was

found when comparing Dataset A and B {isease (Chi test p value : 0.86) or control

populations (Chi test p value = 0.80). Therefore the datasets can be combined for the total

analysis in later sections, although a mild but not significant difference in ApoE4 allele

distributions exists between Dataset A and B.
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7.3.7 Anarfrb of TBP alleles

Each individual has two TBP alleles which complicates the analysis of this dataset. How

should the two alleles be treated? Do they act in an additive manner? [s one "long" TBP

allele sufficient for an effect? The analysis is further complicated in that both TBP alleles

in an individual are relatively long, and a repeat length of 38 is the most common

(Chapter One, Figure 1.5), therefore is there likely to be enough variation in polyQ repeat

length to detect a repeat size correlation with the presence or absence of AD? In addition'

how useful is an age matched set of controls? AD is a late onset disorder, perhaps the

collection of cognitively healthy nonagenerian's would be more appropriate, but outside

of the scope of this research.

Analysis choices include looking at each allele separately, designating one as the shorter

and one as the longer allele. Clearly with TBP alleles this designation is meaningless as

one subject may have a 38 and a 37 and another a 36 and a 32. With analysis of other

polyQ disease alleles this is not such an issue; the large difference in length between

disease and normal repeat lenglh (Chapter One, Table 1.2) makes a shorter/longer

designation quite logical. Another method is to add the two alleles and take the average,

however again this would be of little value in a subject carrying a29 and a 41 allele, and

makes assumptions as to the alleles dependence on each other. Another alternative is to

look at both alleles from each patient individually, which makes an assumption that they

act independently of each other. This is possibly the better of the methods, although it

does artificially double the sample size of the dataset. In the dominantly inherited polyQ

diseases a single long allele is sufficient to cause disease, implying that the alleles should

be analysed independently. However, it is difficult to know which is the most appropriate

method for the analysis of these alleles in a heterogenous disease such as AD. Table 7.8

demonshates the effect these methods of allele grouping have on a variety of possible

repeat length combinations.
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Table 7.8 Denonstratlon of the effect of the meihods of TBP allele designatlon used

in thit study. The three,rnethods (I - both alleles independsntln tr - Each allele

designated as the shorter or longer of the two, III -averag€ of the two) have been applied

to the TBF alleles frorn 18 randonrly chosen subjects, aud bi-asic athi-butas caleulated

(average, rnedian, rnodg range" n).

$ubjecr Method I Method ll Meffrod lU

1

2

g

4
5

6

7

I
9l

10

11

12

13

14

15

16

17

1,,8

Average

Median

Mode

Range

N

38

-36

38

32

37

37

38

36

3E

3V

3E

37

38

41

38

3E

35 37

36.11 !I8

36 38

36 38

32€8 3741

18 t8

Average

36.5

37.5

36.5

37.5
37

35

g7

37.5

38

38

36.5

38

34.5

37.5

39

38

37

36

37.06

37.25

37.5

3f.5.39

18

hth

35

37

36

3V

36

32

36

36

38

38

36

38

32

E7

37

38

36

35

37s8

37.5

38

3241

36

Shorter Longer

35 38

37 38

36 37

37 38
36 38,

32 38

36 38

36 39

38 36

38

38

37

39,

38

38

38

39

38;

38

37

38

37

38

41

38,

38

37
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Table 7.8 shows ftat the metho-d o.f TBF allele grouping has au effeot on the overalfi

resul; Muoh of the results presentd throughout this cbapter will be using all three

Methods; aldrouglr sorne of the anatysis has been restrieted to the use of Method I. A
noteworthy point is the limited range of allele lengths seen using the Method II - longer

rnethod (37-41), In this table, 66% qf the longer,a'lleles contaiu 38 repeats.
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7.3.8 Analysis of Dataset A and B

The TBP alleles from the two datasets were analysed to determine basic statistical

atffibutes (average, median, mode, range), using the three analysis methods and the data

is presented in Table 7.9.

Table 7.9 TBP atlele information for Dataset A, Dataset B and the combined

dataset. Average and median TBP repeat lengths are shown when analysed using

Methods I. II or III as described above. I :both alleles, II : shorter (S) and longer(L)

allele separately, III: average of the two. Information is displayed forthe entire dataset

(datasets A+B) and for datasets A and B individually, and also grouped by disease status

(AD and C).

Dataset A and B Dataset A Dataset B

Status
Average
Method I
Method II -S

-L
Method III

Median
Method I
Method ll -S

-L
Method III

Mode
Method I
Method II -S

.L
Method III

Range
Method I

Method II -S
-L

Method III

Total AD

37.07 37.10
36.26 36.29
37.88 37.90
37.07 37.10

37 38
37 37
37 38
37 37.5

38 38
37 36
38 38

37 37

C Total AI) Total AD C

37.05 37.04 37.06
36.23 36.24 36.22

37.87 37.8s 37.90
37.0s 37.04 37.06

37 37 37

37 37 37

38 38 38

37 37 37

37.A4 37.09
36.22 36.28
37.86 37.89
37.04 37.09

37 37

37 37
38 38

37 37.5

38
37
38

37

2742
27-39

3542
32-40

37.r5 37.02
36.3s 36.21

37.96 37.83
37.15 37 .02

38 37

37 36

38 38

37.5 37

38 38
36 36

38 38

37 38

27-42 2741
27-39 21-39

3242 32-41

3 | 40 -j I --39.5

38 38
36 37
38 38

37 37

27-42 2841
27-39 28-39

35-42 3541

32.5-40 3240

2841 2841
28-39 28-39

35-41 3541

32.540 32-39

38
37
38
5t

38
37
38

37

27-42

27-39

3242
3140

2741
27-39

3241
3140
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Further descriptive statistics (inoluding standard deviation arid error, skeWness and

kurtosis) ean be foirnd in Appendix III, Table l. Using Method I or III and comparing

combined datasets, the average or median value is slightly longer in disease tban oonhol

groups (Table 7.9). Ilowever, when looking at Each of the da@sets' it is clear this comes

from Dataset A, as it is not seen within Dataset B. Homozygosity within the TBP alleles

,was calculated, finding thgt24.9V"oof subjects carried ffia TBP alleles of the same repeal

lengt! for the entire dataset and ranging fram 23'.4 to 26Yo when looking,across dataset

aad disease sta$s subgroups.
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Figure 7.3 TBP allele distribution separated by disease status using the three

analysis methods on combined datasets A and B. TBP repeat length is on X axis, and

allele frequency on the Y axis. Arrowheads indicate allele lengths of 37 and 38 for each

graph, where a mild difference in frequency appears to exist. See text for Chi test results.

NB. When using Method III - Average, 0.5 repeat length steps are generated'

Some differences in the distribution of 37 and 38 alleles were apparent when comparing

disease and control samples. Disease groups contained more 38 alleles than controls and

less 37 alleles than controls in Fig.7.3 A,B and D, but not in C. The distribution of the

longer alleles (Fig. 7.3C) is restricted, 58% of samples in the combined dataset carry 38

A

3ttr

zfi

?m

tfll

tm

50

0

Mdhod l- Botlt

l,i
I rDL.a5.
lrcorfd

nr

I

JI
21 28 8 $ 3r 12 33 3{ 35 36 f,t 30 39 d0 rt 1?

B

1

100

75

5o

25

0

M€thod [ -shoner

27 n fr 30 31 32 33 34 3t 36 37 38 38

17l



Seven - TBP alleles in AD

repeats in their longer allele, leading to little variability amongst the whole long allele

distribution (sample variance of Method B longer:0.93 and of Method B shorter :3.63)'

This difference in numbers of 37 and 38 alleles was also noted when visualizing dataset

A and B separately (data not shown).

The TBP allele data demonstrates a strong negative skew which is largely due to the

presence of the shorter allele (Fig. 7.3 and Table I Appendix III). This amount of skew

(around -2) indicates that the distribution may not be following a Gaussian bell shaped

distribution. The normality test within the statistical software package Prism (GraphPad

software) was used to test whether the data is from a normal distribution. Despite

attempting various data transformations (logarithmic, exponential) it does not pass this

test, therefore non-parametric tests were used to examine distribution differences. Mann

Whitney tests were used within the statistical package R (lhaka 1996) to compare

median allele lengths in disease and control groups. When dataset A was tested to see if

the median TBP allele lengths in the disease group (38 repeats - see Table 7'6) was longer

than in the control group (37 repeats), a p value approaching significance was reached

(0.0691). The youngest samples in this dataset were 60 years old, a relatively young age

to develop AD. It is possible that younger AD patients have developed the disease as a

result of other genetic effects, for example, the known B-amyloid associated mutationso or

other as yet unidentified mutations. To investigate whether age of onset had an influence

on this effecto disease and control samples were proglessively removed to generate

increasing minimum age of onset values. The p-values from Mann Whitney tests looking

at the median repeat length in disease (38 repeats) versus control (37 repeats) reach

significance at the 5% level after all subjects younger than 67 years old at disease onset

(patients) or collection (controls) are removed (Fig' 7 .4A).
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AE

I

Effect of age of onset
on slgnlficancs of TBP alleles In AD

- NrbcritAlld€s
30 34a 268 | 10 78

dataset A

datatet B

lltb oallE
n0 l{) .lra

both
date3sts

Figure 7.4 Effect of age stratification on

dataset. Mann Whitney tests performed on

datasets as the minimum age of the dataset

was progressively increased by removing the

younger patients and matched controls. Both

TBP alleles are included in the analysis. The

youngest age in the dataset is along the X

axis, the number of disease alleles remaining

in the dataset is along the top axis and the

corresponding Mann Whitney p-value

derived l?om comparing the median allele

length between disease and controls is along

the Y axis. A line of best fit is shown for

each graph in red.

A. Dataset A. showing that the median TBP

allele length is significantly longer in disease

than control when the youngest age of onset

is greater than 67 years. The green horizontal

line is positioned at a p-value of 0.05.

B. Dataset B, no significant effects are seen.

Note. ditferent Y axis scales are used on A, B

and C.

C. combined dataset A and B, showing no

significant differences on median TBP repeat

length as age of onset is altered.

tlrtudB

I

Ats
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The same analysis was performed on Dataset B and on the combined datasets, and is

displayed graphically in Figure 7.4. Dataset B and the combined datasets do not show

significant differences in the median allele length between disease and control groups. In

Dataset A, disease samples have a significantly longer median TBP repeat length in

patients (38 repeats Table 7.6) compared to controls (37 repeats), when the dataset is

restricted to older patients and controls. The most significant result was seen when

samples younger than 74 years were removed (p-value 0.0209)' at this age cut off 200

disease and 210 control alleles are contained within the analysis.

Data was stratified for the presence of the ApoE4 allele (0, I or 2) to investigate whether

ApoE4 allele status would reveal any TBP effects. Mann Whitney tests were performed

as above, on the ApoE4 stratified dataset. Analysis of Dataset A shows significant

differences at the lYo leveL between disease and control median repeat lengths when

subjects homozygous for the ApoE4 allele are excluded from the dataset (Fig' 7'5A -

subjects carry zeto or one E4 allele), the most significant result was seen when samples

younger than 78 years were removed (p-value 0.0037), at this age cut off 130 disease and

150 control alleles remain. Some significance at the 5% level is seen when only subjects

with no ApoE4 alleles are within the dataset (Fig 7.5C -subjects carry zero E4 alleles)'

the most significant result was seen when samples younger than 78 years were removed

(p-value 0.018), at this age cut off 74 disease and 188 control alleles remain. No

significant effects are seen within homogygous ApoE4 subjects (Fig' 7.sB-subjects carry

two E4 alleles). The significant effects seen after ApoE4 sffatification were not found in

Dataset B or within the combined dataset (data not shown).
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green horizontal line is positioned at a p-value of 0.05. A, Daraset A, shorning that

significant diffenxces betwe@ di.sease (38 r,epeatsJ an contnol (37 re,peats) rnediims eue

found when subjects earrying trro ApoE4 alleles are removed. B. Datase,t A with only

homozy,gous ApoBl subjects ineluded in analysis. C, Dataset A with all ApoB4 allele

carrying subjects removed. A line of b-e.st fit is stnown for each graph in red. Note, the Y

axis ssale$ are different in.d, B and C.

eould the TBP polyQ repeat alter the,age of onset of thEdisease? To investigate this, data

was grouped into age quartile mnges (all ages, 60-7lyrs, 72-76yrs,77-81yrs, 82-93yrs)

and examined for a oorrelatiotr of'TBP repeat length with age of onset using Pearson's

correlation tests. When analyzing the combined Dataset A and B no significant

correlation was found (data within Appandix III 'Table 2). This lack of conelation was

also noted when Dataset d and B were analysed separately (data not shown).
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Table 7.10 demonstrates the percentage of subjects within the entire dataset that carry at

least one relatively long TBP allele. An astonishing percentage of Caucasians calry an

allele of sufficient length to cause disease if the resulting polyQ tract was located within

one of the proteins that cause many of the polyQ diseases, and very close to the minimum

repeat length known to cause SCAIT (43 repeats). There was no difference in the

distribution of AD percentages versus control percentages (as determined by Chi test).

Table 7.10 Percentage of people that carry at least one allele of a given length

(column l) or longer. The two datasets are combined, and percentage data is shown for

disease (344 subjects), control (350 subjects) and for both together (total - 694 subjects).

At least one allele equal to
or longer than:

disease control total

36
37
38
39
40
4l

98.5
93.3
76.2
17.2
4.4
1.5

98.9
92.9
73.4
15.4
3.4
2.0

98.7
93.1

74.8
16.3

3.9
1.7

7.3.9 Analysis of quantitative data

Many of the techniques used throughout this thesis research have been applied to the

same brain bank samples, and quantitative data produced. Tissue from different storage

regimes (fresh frozen versus fixed frozen) and diff'erent disease affected regions (middle

temporal gyrus versus entorhinal cortex/hippocampus) have been used for each

technique; nevertheless comparisons are reasonable with those caveats in mind. Table 3

of Appendix III presents all quantitative data collected from the brain bank cases from

each chapter. To determine if significant correlations exist between any of the collected
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attributes, r values were generated using Pearsons correlation co-efficient calculations'

Data is shown in Table 4 of Appendix III and is summarised below. Conelations within

attributes have been examined within relevant chapters. Questions asked were restricted

to within disease samples only and included:

Are levels of detectable insoluble protein (Chapter l'hree) correlated to the numbers of

detected protein structures within middle temporal gynrs sections (Chapter Four)?

o Significance at the 5%o level would be achieved with a Pearsons r value

larger than 0.57 (degrees freedom = 10)'

o A significant positive correlation was found between the amount of

detected detergent insoluble p-amyloid and the number of detectable B-

amyloid plaques (r value : 0.5808, p:0.047), indicating that 34o/o of the

variability could be explained. sections for p-amyloid

immunohistochemistry were pretreated with formic acid, which may allow

a proportion of protein to be seen that may otherwise be too insoluble for

detection.

o A marginally significant positive correlation was seen between levels of

detergent insoluble TBP and numbers of Tau positive tangles (r value =

0.564, p value 0.056). A significant correlation between insoluble Tau and

Tau positive tangles was not found, likewise for insoluble TBP and TBP

tangles.

Are levels of detectable insoluble protein (Chapter Three) correlated to the amount of the

29kDa TBP band seen in supernatant samples of the same homogenates (Chapter Five)?

o Significance at SYo level would be achieved with a Pearsons r value larger

than 0.6 (degrees freedom: 9). No significant correlations were found

Are levels of detectable insoluble protein (Chapter Three) correlated to the polyQ repeat

length of either the shorter or longer TBP allele (Chapter Seven)?
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o Significance at 5% level would be achieved with a Pearsons r value larger

than 0.55 (degrees freedom: I l).No significant correlations were found

Are levels of the 29kDa TBP positive band (Chapter Five) correlated to the numbers of

protein structures detected in middle temporal gyrus (Chapter Four), or to the TBP polyQ

repeat length within either allele (Chapter Seven)?

o Significance at 5% level would be achieved with a Pearsons r value larger

than 0.6 (degrees freedom:9), No significant correlations were found

Are numbers of detectable protein structures within middle temporal gyrus sections

(Chapter Four) correlated to the polyQ repeat length of either the shorter or longer TBP

allele (Chapter Seven)?

o Significance at 5% level would be achieved with a Pearsons r value larger

than 0.57 (degrees freedom = l0).No significant corelations were found.

Are any of the measured attributes within disease brain conelated to the ApoE4 allele

status (Chapter Seven)

o Significance at 5% level would be achieved with a Pearsons r value larger

than 0.55-0.6 (degrees freedom:9-ll). No significant conelations were

found.
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7.4 DrscusstoN

In this chapter, TBP alleles from the Neurological Brain Bank samples were genotyped,

revealing eleven different polyQ repeat haplotypes within the 20 samples, demonstrating

the high polymorphism of the TBP repeat region (27.5%). No significant differences in

average or median repeat length was seen beween disease and control samples, however

the sample size (13 disease and 7 controls) is too small for this tlpe of analysis.

Use of an ABI3l00 allowed rapid and accurate genotyping of TBP polyQ repeat lengths

within 694 DNA samples from two Alzheimer's association datasets provided by

collaborators in Wales. Both copies of human TBP cany long polyQ coding tracts,

making analysis difficult. Three analysis methods were used (I: both TBP alleles treated

independently, II: shorter and longer alleles treated separately and III = average ofthe

two alleles) for much of the analysis. The dominant nature of the polyQ diseases, would

suggest that each allele should be treated independently (Method I : both). Analysis

using only the longer allele is relatively uninformative due to the abundance of the 38

repeat allele (58% of all samples have a 38 allele as their longest TBP allele) and the

resulting lack of variability in repeat lengths.

A general observation within both datasets individually and when combined, and using

all three analysis methods, was that disease groups carry more 38 repeat alleles than

controls and less 37 repeat alleles than controls. TBP repeat allele data is non parametric,

therefore Mann Whitney tests were perfiormed to compare medians. Dataset A showed a

nearly significant difference between disease and control medians (p-value 0.0691), and

as younger subjects were removed from the dataset, this difference became significant.

Dataset B did not repeat this effect, and when the datasets were combined no significant

effects were noted. Therefore, in Dataset A only, disease samples have a significantly

longer median TBP repeat length in patients with an age of onset older than 67 years (38
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repeats) compared to matched controls (37 repeats). This could due to a combination of

reasons, by removing younger controls those that may yet go on to develop disease are

removed, and by removing younger disease samples, those that have AD as a result of

stronger genetic influences (eg B-amyloid associated mutations or other yet to be defined

polymorphisms) have been removed'

When Dataset A was stratified for the presence of the ApoE4 allele, differences between

the median repeat length of disease and control as the minimum age of onset was

increased became more significant if homozygous ApoE4 subjects were removed. This

suggests that when none or one ApoE4 allele is present TBP repeat length can contribute

to AD in patients that develop the disease after the age of 67 years. This ApoE4 effect

was only noted in Dataset A.

Significant effects of TBP repeat length have therefore been found in Dataset A but not

B. This may reflect the difficulty of association data replication, or minor differences in

the ages and ApoE4 alleles in the datasets, outlined in section 7.3.6. Alternatively an

underlying difference in the ethnic background of the two datasets may account for this

difference, as TBP alleles vary dramatically across ethnic backgrounds (see Chapter One,

section 1.5.4). Importantly, over ninety eight percent of Caucasians carry at least one

TBp allele of 36 polyQ repeats or longer. In vitro studies of polyQ tracts inserted within a

soluble protein demonstrate that even 35 polyQ repeats can form p-pleated sheet

structures after a period of aging (Tanaka 2001). Therefore distinguishing between allelic

effects may be difficult as nearly all are at least theoretically capable of p-sheet formation

in a late onset disease.

It became apparent during the analysis of this data, that the question being asked was

very complex. Is there a TBP polyQ repeat length association with AD? What is the

likelihood of being able to detect a repeat length effect when all TBP alleles are long, and

when even in a autosomal dominant TBP disease (SCAI7) the age of onset relationship

with polyQ repeat length contains 47% (Chapter One, Figure 1.3) unexplained
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variability? Overall, after combining the two datasets there is no significant effect,

although evidence for a repeat length association was found in dataset A. However, these

results may give some biological clue towards understanding TBP accumulation in AD'

PolyQ tracts are hypothesized to undergo contbrmational changes beyond lengths of 36

repeats, and over 98%o ofthe people genotyped in these large Caucasian datasets have at

least one TBP allele carrying 36 or more repeats (Table 7.10)' lt could be suggested that

nearly all Caucasian TBP alleles are capable of contributing to the Alzheimer's disease

process. For this reason it would be interesting to look at AD association datasets from

black African populations, where the most common TBP repeat length is shorter (Chapter

One, section 1.5.4 and (Rubinsztein 1996). Perhaps intriguingly, AD is thought to be

rare in black Africans, and plaques and tangles are absent from the non demented African

elderly, despite their presence in Caucasian non demented elderly (Osuntokun 1995'

Osuntokun lgg2). Furthermore, a study looking at AD prevalence in two black African

populations, one in Nigeria, the other in the USA, found a significant increase in AD

within the American population (Hendrie 1995). The authors have an interest in the

environmental factors that may contribute to AD, yet acknowledge that considerable

admixture (25%) of European genetics within the African American populations is likely

to have occurred.

The polyQ repeat within the androgen receptor gene can expand to cause Kennedy

disease (Chapter One, section 1,3) and this repeat region is important in the function of

the normal protein (Buchanan 2004, Chamberlain 1994). In addition, variations in the

normal polyQ repeat length within the AR gene have been associated with various other

conditions, including prostate cancer (Buchanan 2001), male fertility (Tut 1997) and

sperrn morphology (Milatiner 2004). Recently, breast cancer susceptibility in BRCAI

mutation carriers was reported to be modified by the polyQ repeat coding tract in the

steroid co-activator AIB\ gene (Kadouri 2004). While a functional link between the

causative gene and associated disease is arguably more predictable in these examples

than for TBP and AD, they demonstrate the modulative effect that polyQ repeat

polymorphisms may have on disease. The complexity of this type of dataset means that it

t82



Chapter Seven - TBP alleles in AD populations

may benefit from a thorough examination by a biostatistician with experience in these

types of genetic effects. Further datasets may become available, and together with linkage

analysis of the TBP repeat region in AD family studies future work should clarify results.

In particular, collection of AD cohorts that do not use age matched controls, but rather,

very old ethnicity and sex matched cognitively normal subjects, are likely to be the most

revealing in this common late onset disease.

Analysis of the quantitative data collected on each of the brains throughout this thesis

revealed few correlations. This may seem counterintuitive, and may be due to the small

sample size. However, it may reflect different forms of detectable protein using each

technique. It is possible that not all of the detectable detergent insoluble protein can be

detected using immunohistochemistry techniques. Optimisation experiments in Chapter

Four indicated that at least for brain ,4.6, formic acid pre-treatment did not reveal

additional TBP immunopositive structures. A significant correlation was found between

detergent insoluble B-amyloid protein and p-amyloid immunopositive plaques, and

perhaps importantly, tissue sections used for p-amyloid immunohistochemistry were

formic acid treated, which may allow the detergent insoluble component to be revealed.

Similarly, the 29kDa TBP band with resistance to proteinase K treatment described in

Chapter Five, may not be a component of the detectable protein found using the other

methods, hence the noted lack of correlation. However, some correlations between levels

of detectable TBP were expected, if only as a reflection of the amount of total TBP within

a particular brain sample. The general lack of correlation suggests that in each method a

different proportion of available TBP is being detected, and that levels of each proportion

may be mutually exclusive. If each proportion were reflective of a different solubility

state it is feasible that one solubility state progresses to another as the protein becomes

more misfolded or insoluble over time. If this were the case, a significant negative

correlation may be seen, however in this small dataset this is not apparent. As discussed

in this Chapter, all TBP alleles carry relatively long polyQ repeat tracts, therefore the lack

of a significant TBP allele effect within this small brain bank dataset was unsurprising.

183



Chapter Seven - TBP alleles in AD populations

7.5 CoNcLUSroNs

o Eleven different TBP polyQ repeat haplotypes were detected within the 20

brain bank samples. No significant difference in average or median repeat

length was seen between disease and conhol samples.

o The ABI3l00 allowed rapid and accurate genotyping of TBP polyQ repeat

lengths within 694 DNA samples from two association datasets from

Cardiff.

o TBP repeat allele data is non parametric, therefore Mann Whitney tests

were performed to compare medians. Dataset A showed a nearly

significant difference between disease (38 repeats) and control (37 repeats)

medians (p-value 0.0691), and as younger subjects were removed from the

dataset, this difference became significant. Dataset B did not repeat this

effect.

o When Dataset A was stratified for the presence of the ApoE4 allele,

differences between the median repeat length of disease and control as the

minimum age of onset were increased became more significant if
homogygous ApoE4 subjects were removed

o Significant effects of TBP repeat length have been found in dataset A but

not B. This may reflect the difficulty of association data replication, minor

differences in age and ApoE alleles, or alternatively an underlying

difference in the ethnic background of the two datasets, as TBP alleles in

control distributions vary dramatically across ethnic backgrounds.

o Ninety eight percent of Caucasians carry at least one TBP allele of 36

polyQ repeats or longer. Therefore distinguishing between allelic effects

may be difficult as all are theoretically capable of B-sheet formation.

184



. :eJiantur Se!,en - TBP alleles in,AD'pooatrations

r The lack of eorrelatioa betweerr quandtative attributes sollected on the

brain bank cases throughout this thesis suggests that eaoh athibute

measures a diftrentpropo-rtisn of de@table TBP.

h thi$ ohapter TBF repeat lengths hqve been detefinined within the brain bank samples

used throughout this thesis, as well as within two large AD assooiation datasets in an

attempl to investigate a genetic r:orr€lation betweq TBP polyQ repeat lengths and AD.

Significant effeots were seen in one dataset, but not the other" and therefore require

fur,ther investigation. Nearly all Caucaslan TBP alletres tre large, making detection of a

subtle TBP repeat lengttr effect difficult; therefore the overall sbtistical lack of evide'lrse

in this chapter does not me-an that TBP is not biologically importmt in AD. In the,nsrt

ehapter, a protein lnown to interact direcfly with the polrc tract ofTBP is investigated.
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GNAPTER EIGHT

Hlcn MoetLtTY GnouP PRoTEIN AND TBP

8.1 OveRuEW

The previous chapters describe the identification of TBP within AD brain, shengthening the

initial hypothesis that a polyQ containing protein may contribute to AD' It is not clear from

these observations whether the accumulation of TBP is part of the disease mechanism or

merely associated phenomenology. However, these observations are nonetheless consistent

with the hypothesis that the very long normal polyQ tract in TBP may facilitate its

accumulation in late onset protein misfolding disorders. What is the nature of TBP's

involvement? Is the polyQ tract responsible? Little is understood of the normal function of

the polyQ tract in TBP, as outlined in the Introduction (Chapter One, section I '5), however a

recent paper revealed that there is a direct interaction between the polyQ tract of human TBP

and the acidic tail of the High Mobility Group box protein I (HMGBI), a highly conserved

ubiquitous chromatin associated protein. The authclrs demonstrated that this interaction

dramatically increases the affinity of human TBP to the TATA box (Das 2001)' Key

evidence of the requirement of the polyQ containing N-terminus of TBP for HMGBI

interaction was the demonstration of HMGB1 displacement by lC2, the polyQ binding

antibody. Most interestingly, they also demonstrate that HMGBI binds to DrosophilaTBP,

at a reduced level compared to human TBP, ancl does not bind to yeast TBP' Yeast TBP lacks

much of the non conserved N-terminus of human TBP, and carries no polyQ fract, while

Drosophila has two short (6 and 8) polyQ repeats (for comparison across species see Chapter

One, section L3). This may hint at a polyQ repeat length dependence for the affinity between

these two proteins. These findings may be functionally important in the understanding of the

contribution of TBP to disease. The HMG proteins are introduced below'
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8.1.1 HMG proteins

The high mobility group proteins are ubiquitously expressed proteins that are classified as

non-histone chromatin associated. They bind to chromatin and DNA and so act as

"architectural elements" that are thought to regulate various cellular processes (Huttunen

2004, Lotze 2003, Taguchi 2000, Thomas 2001a, Thomas 2001b). HMG proteins are

subdivided into three groups: HMGB, HMGN and HMGA due to functional sequence motifs

characteristic of the groups. These are the "HMG-box". the nucleosomal binding domain and

the "AT-hook" motifs respectively. These groups replace the previous nomenclature, HMG-

1/2, HMG-l4l-17, HMG-VY respectively. HMGBI was previously known as amphoterin.

For the purposes of this thesis, the HMGB I proteins only are of interest, and will be referred

to as HMG within the results and discussion of this chapter. HMGBI consists of three

domains, the A and B box domains, which bind non-specifically to DNA (Bustin 1999), and

an acidic tail at the C-terminus. This tail consists of a stretch of 30 amino acids, consisting of

only aspartic and glutamic acid residues. This is the region that interacts with the polyQ

repeat within TBP, and was recently found to be important in the acetylation of HMGBI by

the CREB binding protein (CBP) (Pasheva 2004).

Table 8.1. Sequence homology of HMGBI

Protein
length

% alignment
protein

Acidic
tail'

Accession
Number

Human HMGBI
Mouse
Drosophila
Yeast
Human HMGB2
Human HMGB3

2t5
215
385
93
209
200

30/30
30/30
tutT
4t17
22t22
19/20

99
45
44
81

75

NP_0021r9
NP_034s69
NP_727960
NP_Ot 5377
NP_002120
NP 005333

uHuman HMGB I contains 30 consecutive acidic residues within the C-terminus, the number
of acidic residues over the number of residues spanning the acidic tail in other HMGBI
proteins is shown.
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HMGBI is highly conserved across species and phyla (Table 8.1), both within the DNA

binding region, and the acidic tail. In addition, two other HMG box proteins exist, HMGB2

and HMGB3. Whilst homology between HMGBI and 2 is high (Figure 9.1), structural and

functional differences exist within the DNA binding regions (Thomas 2001a). HMGBI is

ubiquitously expressed, while HMGB3 is embryo specific, in adult mouse HMGB2 is

expressed predominantly within lymphoid tissues and testes. Therefore HMGBI is the more

abundant and widely distributed of the three. Knockout HMGBI mice die shortly after birth,

while HMGB2 mice are viable but display reduced fertility (Ronfani 2001). It is possible that

the two HMGBI antibodies used in this chapter may also detect endogenous HMGB2 as they

are both raised to full length HMGB1 proteins, and exact epitope information is not

available.

HMGBl
HMGB2

HMGB3

HMGBl
HMGB2
HMGB3

HMGBl
HMGB2

HMGB3

HMGBl
HMGB2
HMGB3

MGKGD p KKpneGKEpDAsvlrF s EF sKKcsERwKTMSTAKEKcKT
MGKGD PNKPRGKMSSYAFFVQTCREEHKKKH PDS SVNFAEFS KKCS ERWKTMSAKEKS KF
MAKGD PKKPKGKTSAYAFFVQTCREEHKKKNPEVPVNFAEFS KKCS ERWKTVSGKEKS KF
*. ****. **. ** *. *************** . * . . ***. ************ . * . ***. **

EDUAKADI(ARYERE}IKTY I P PKGET KKKF KD PNAPKRPP SAFFL FCSEYRPKIKGEUPGL
EDMAKSDKARYDREMKNYVP PKGDKKGKKKDPNA.PKRPPSAF FLFCS EHRPKI KSEHPGL
DEMAKADKVRYDREMKDYGPAKGGKK_ - KKDPNAPKRPPSGFFLFCSEFRPKI KSTNPGI..***.**.**.**** * *,** .* ***********.*******.*****. :**:

S IGDVAKKLGEU}'INNTAADDKQPYEKK;A'T\KI,KEKYEKD I AAYRAKGKPDAAKKGWKAEK
S 1 GDTAKKLGEMWSEQSAIOKQ PYEQKAAKLKEKYHKD IAAYRAKGKSEAGKKGPGRPTG
S TGDVAKKI,GEMWNNLNDSEKQ PYITKAAKLKEKYEKDVADYKSKGKFDGAKG - - - . PAK
****.********.. ..**** ************.* *..*** :..*

S KKKKEEEEDE EDEEDE E E EF'DE EDEDE JT E DDDDE

SKKKNEPEDEEEEEEEEDEDEEEEDEDEE. . - - - -
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.*. *..**,**.*.*.*.****

Figure 8.1 Homology of human HMGB proteins. Human HMGBI ,2 and 3 proteins are
shown after alignment using Clustal software (http:i'iclustalw'.genomejp/sit-bininph-
clustalu'). The acidic tail within HMGBI is shown in red, the DNA binding domains (HMG
boxes) in bold type. Highlighted in green is the region within HMGBI known to have
amyloidogenic properties (Kallijarvi 200 I ).

The activity of various regulatory molecules, including hormone receptors, p53 and several

transcription factors, are affected by HMG proteins, and HMGBI is involved in cell motility,
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tumour growth and cancer metastasis (Huttunen 2004, Lotze 2003, Taguchi 2000, Thomas

2001a). Despite its well known association with the nucleuso HMGBI is also released

extracellularly, this feature is characteristic in severe cases of sepsis; as a result, inhibition of

HMGBI is a drug target for sepsis treatment (Yang 2004). Nonenzymatic protein glycation

leads to the formation of a variety of chemically modified proteins known as advanced

glycation end products (AGEs). The receptor for advanced glycation end products (RAGE) is

a cell surface molecule with multiple ligands, (reviewed in Schmidt 2000). Interestingly, both

HMGBI and amyloid fibrils are ligands for this receptor, and increased levels of AGEs have

been found in AD tissue, (reviewed in Munch 1997). A more recent paper demonstrates

localisation of HMGBI in senile plaques within AD brain. and increased levels of HMGBI

within particulate fractions of AD tissue homogenates. The authors present some evidence

for the formation of a 33kDa complex of HMGBI and B-amyloid and suggest a role for

HMGBI in the homeostasis of B-amyloid (Takata 2003). In a protein database study to

identify proteins containing amyloidogenic motifs and corresponding surrounding secondary

structure abilities for amyloid formation, HMGBI rvas identified. A l5 amino acid region

(Fig.8.l) within HMGBI box A demonstrates birefringence, and is able to form fibrils in

vilro. Importantly, full length HMGBI was able to form a complex with B-amyloid, as well

as the smaller amyloidogenic HMGBI fragment (Kallijarvi 2001).

8.1.2 The role of HMG in DNA binding

The DNA binding domains within HMGBI, like other HMG box domains, bind to and bend

the minor groove of DNA, in a non sequence specific manner. Early work had shown that the

monoclonal lC2 antibody that binds to the polyQ tract of TBP did not inhibit the binding of

TBP to the TATA box, but did inhibit in vitro transcription from TATA containing

promoters (Lescure 1994). This suggested that the N-terminus of TBP is available for

protein-protein interactions associated with the assembly of the preinitiation complex.

Subsequently it was found that the polyQ tract in TBP and the acidic tail of HMGBI are

essential for a stable HMGBI/TBP/TATA complex, resulting in a 2Q fold increase in the

stability of TBP on the TATA box (Das 2001). This was determined by the use of human

TBP N-terminal deletion mutants in electrophoretic mobility shift assays (EMSAs), and
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importantly, by the ability of the 1C2 antibocly to complete for the same site' The same

authors demonstrate that both human TBP and drosophila TBP bind to HMGBI, but that

yeast TBP does not (Das 2001), however they suggest that whilst the primary stabilisation of

the complex is due to interaction between the polyQ tract of TBP and the acidic tail of

HMGBI, otherregions of HMGBI and TBP may also interact. An earlier report found an

interaction between HMGBI box A and the C-terminal core region of TBP (Sutrias-Grau

1999). Taken together with the more recent worko it seems that both interactions do occur'

with the polyQ / acidic tail interaction the more stabilising. In addition, TFIIA and TFIIB

interactions with TBp are displaced by one of the HMGBI / TBP interactions (Sutrias-Grau

1999), exactly which one is as yet unknown. It has been suggested that even small

fluctuations in cellular levels of HMGBI could have significant biological consequences

(Bustin 1999). Therefore HMGBI was investigated as it may be part of the mechanism by

which the polyQ repeat in TBP causes SCAIT or contributes to other diseases'

In order to determine if a TBP polyQ repeat length dependent affinity for HMGBI existed,

the TBp repeat length constructs used in the SCAIT model introduced in Chapter One

Section 1.4.3 were used. Using an antibody to HMGBI the effect on endogenous mouse

HMG within cells expressing various TBP polyQ lengths could be investigated' Mouse and

human HMGBI proteins are 99Yo identical at the amino acid level, the two amino acid

changes are within the C+erminal acidic tail that interacts with the PolyQ tract, however both

alterations are fbr acidic residues. Human HMGB I was also cloned into a mammalian

expression vector and co-expressed with TBP to investigate any effects upon the localisation

and nature of both proteins. In an attempt to determine whether polyQ repeat length alters the

affinity between TBp and HMGBI, immunoprecipitation and luciferase reporter assays were

undertaken.
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8.2 MRIERIALS AND Mernoos

8.2.1 Cloning of human HMGBI

Human total RNA previously extracted from human blood using Trizol (lnvitrogen) was used

to isolate a full length HMGBI cDNA for cloning into a mammalian expression vector'

(pcDNA3.l(+) - lnvitrogen). The restriction sites used for cloning were HindIII (5') and

EcoRI (3') and a Kozak consensus sequence was included prior to the start codon' The

primers are listed below:

HMGS' = ATCTTAAGCTTGCI''j' I'ATGGGCA/tuAGGAGATCC

HMG3' = GGCGGAATTCTTATTCATCATCATCATC (rev comp)

Hindlll and EcoRI site are indicated in blue, start and stop codons in red' and the Kozacos

consensus sequence in green. Bold type indicates actual HMGBI sequence' Methods for RT

PCR, vector preparation, ligation and colony screening and confirmation of HMG clones are

in Chapter Two, Section2.2.l9

8.2.2 Confirmation of HMG expression

Sequence confirmed clones were used for transfection of mammalian cells to determine

successful translation of HMGBI protein. One ug of DNA was transfected into Neuro2A

cells growingin 24 well plates as described in chapter Two, section 2'2.1. After 48 hours,

cells were harvested using 2x Laemmli buft'er (Sigma), l/10 of a 24 well plate sample was

loaded onto a l0% SDS-PAGE gel, and western analysis carried out as per Chapter Two'

secrion 2.2.7 usingrHMG at l:2000 for 4 hours followed by IHRP secondary at l:5000 for I

hour and ECL plus detection. Duplicate wells were fixed at 48 hours post transfection in 4%

paraforamaldehyde (BDH) and immunocytochemistry was carried out as described in

chapter Two, section 2.2.8 using rHMG (1:400) or 6HMG (1:500) primary antibodies

incubated overnight, followed by rabbit or mouse AlexaRed at 1:500. For westerns using the

mHMG antibody the methods for sample preparation was as for immunoprecipitation

described in Section 8.2.5. The lysis buffer is quite different for this method'
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8.2 MRTERIALS AND METNOOS

8.2.1 Cloning of human HMGB1

Human total RNA previously extracted from human blood using Trizol (Invitrogen) was used

to isolate a full length HMGBI cDNA for cloning into a mammalian expression vectorn

(pcDNA3.l(+) - Invitrogen). The restriction sites used for cloning were HindIII (5') and

EcoRI (3') and a Kozak consensus sequence was included prior to the start codon' The

primers are listed below:

HMGs'=ATCTTAAGCTTGCCGCCATGGGGAAAGGAGATGC

HMG3' = GGCGGAATTCTTATTCATCATCATCATC (rev comp)

HindlII and EcoRI site are indicated in blue, start and stop codons in red, and the Kozac's

consensus sequence in green. Bold type indicates actual HMGBI sequence' Methods for RT

PCR, vector preparation, ligation and colony screening and confirmation of HMG clones are

in Chapter Two, Section2.2.19

8.2.2 Confirmation of HMG expression

Sequence confirmed clones were used for ffansf'ection of mammalian cells to determine

successful translation of HMGBI protein. One ug of DNA was transfected into Neuro2A

cells growingin24 well plates as described in ChapterTwo, section 2'2'l' After 48 hours'

cells were harvested using 2x Laemmli buffer (Sigma), 1/10 of a24 well plate sample was

loaded onto a l0% SDS-PAGE gel, and westem analysis carried out as per Chapter Two'

section 2.2.7 tlsingrHMG at l:2000 for 4 hours followed by rHRP secondary at l:5000 for I

hour and ECL plus detection. Duplicate wells were fixed at 48 hours post transfection in 4%

paraforamaldehyde (BDH) and immunocytochemistry was carried out as described in

chapter Two, section 2.2.8 using rHMG (l:a00) or mHMG (l:500) primary antibodies

incubated overnight, followed by rabbit or mouse AlexaRed at 1:500' For westerns using the

mHMG antibody the methods for sample preparation was as for immunoprecipitation

described in Section 8.2.5. The lysis buffer is quite different for this method'
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immunoprecipitation buffer is used in place of 2x Laemmli buffer (Sigma), although 2x

Laemmli buffer is added to the lysates prior to electrophoresis to a final concentration of

1.75x strength. The mTBP antibody was used at l:1500 followed by mHRP at l:5000.

8.2.3 Effect of TBP repeat length on endogenous and co-expressed HMG

Neuro2A cells were plated in 96 well plates at a density of 10,000 cells per well. A-fter 24

hours, media was replaced, and cells were transfected with 0.15ug of each DNA, using

Fugene as described in Chapter Two, Section2.2.1. Three duplicate plates were transfected,

and were fixed for immunocytochemistry as described in Chapter Two, Section 2.?.8. after

24, 48 and 72 hours to examine any temporal effects. Three duplicate wells per sample and

timepoint were transfected, to allow immunocytochemistry with pTBP 1:400 in one, rHMG

l:600 in another and sequential labelling with rHMG then pTBP in the last replicate. The

secondary antibody used for all wells was l:500 rAlexa Green, with the exception of the

sequential labeling of pTBP in the third duplicate well, which received l:500 rAlexa Red.

One half of each plate was co-transfected with TBP constructs and the HMG construct. The

other half was transfected with TBP constructs only, to examine effects on endogenous

HMG. The total amount of DNA in co-transfected cells was 0.3ug per well, in single

transfections of 0.l5ug. TBP constructs used were TBP37, TBP48, TBP56, TBP66, TBP85,

TBP90 and the TBP deletion mutant. Untransfected controls were included. All DNAs were

quantified by spectrophotometry and dilutions prepared for transfection to ensure relative

DNA concentrations. Quantification of TBP positive inclusions was done by counting cells

within five fields of view when under 20x objective. Total cells, TBP immunopositive cells

and TBP immunopositive inclusions were counted to be able to calculate percent TBP

positive cells carrying inclusions. Cells carrfng more than one inclusion were counted only

once.

8.2.4 lmmunohistochemistry of HMG in human brain fissue

Fixed frozen human brain tissue from the Neurological Foundation Brain Bank was used for

HMG immunohistochemistry. Middle temporal gyrus sections from four disease (A3, A8,
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49, Al0) and two control (C2 and C7) brains were plepared as described in Chapter Two,

section 2.2.4, using rHMG antibody at 1:300, rBIOsel secondary at l:500 and EAPsel at

l:1000. Control sections lacking primary antibody were included to ensure staining was due

to rHMG antibody. Formic acid pretreatment of duplicate sections was attempted'

euantification of HMG structures was performed by counting the number of immunopositive

nuclei within the cortex in at least l7 fields of view when under the 25x objective'

8.2.5 Immunoprecipitation of HMG using qTBP antibody

Immunoprecipitation was carried out as described for tissue culture cells in Chapter Two,

Section 2.2.9. Cells were co-transfected with equal amounts of HMG and TBP DNA' one

well was transfected with HMG only, and another was left untransfected. TBP constructs

used were TBp37, Tpp48, TBP66, TBP90, to determine if any resulting immunoprecipitation

would be affected by TBP repeat lengfh. One well of a six well plate (transfected with 1'5ug

of each DNA) was lysed 48 hours post-transfection in 80uL of l.5x immunoprecipitation

buffer (Chapter Two, Section 2.2.g), and 40uL was combined withl0ul Dynabeads

prebound with 10uL of pTBP antibody. A no-IP control, with beads with no prebound

antibody was incubated with pooled lysate from co-transfected cells. After washing (normal

salt buffers only) and addition of one volume 2x Laemmli buffer, half of each reaction was

loaded onto two duplicate 10% SDS PAGE gels, alongside an aliquot of lysate from co-

fransfected and untransfected cells. One gel was processed for western analysis using mHMG

at 1:1500, the other pTBP at 1:2000 followed by the appropriate HRP secondary antibody at

l:5000.

8.2.6 Luciferase reporter assays on HMG and TBP transfected cells

Neuro2A cells were plated in 24 well plates at a density of 40,000 cells per well, after 24

hours, media was changed and cells transfected with equal amounts of up to four expression

plasmid DNAs (Cre-Luc, CREB, HMG and TBP), using 0GFP (GFP expression plasmid

with no polyQ repeats) DNA to balance all wells to a total of 2.4ug DNA per well' TBP

repeat lengths tested were TBP37, TBP48, TBP66 and TBP90. Prior to transfection all DNAs
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were quantified to ensure relative DNA concentrations were even. At 48 hours post-

transfection, cells were rinsed with PBS, and lysed with 150 pL Luciferase Cell Culture

Reagent (Promega). Lysates were collected in eppendorf tubes on ice then vortexed for 15

seconds before centrifugation at 12000 rpm for l5 seconds, and the supernatant transferred to

a 96 well plate. All samples were stored at minus 70oC prior to luciferase quantification. To

measure luciferase acitivity, samples and Luciferase Assay Reagent (Promega) were thawed

to room temperature, and 20uL of each sample transferred to each of three wells of an optical

plate, resulting in triplicate readings being collected. Luciferase activity was measured using

a Wallac 1450 MicroBeta@ Jet Luminometer machine which added 100 pL Luciferase Assay

Reagent to each well and immediately measured luminescence for 10 seconds. Following

measurement of luciferase activity, samples were norrnalised to the total amount of protein

determined using the Bio-Rad DC Protein assay as described by the manufacturer.

The luciferase experiment was repeated three times over the course of one month, to allow

three passages of cells to be tested. In addition within each experiment two identical plates

were transfected. Therefore there are six biological replicates in total. Two additional

questions were asked after the completion of the first experiment, "can HMG enhanced

transcription occur in the absence of CREB", and "is the TBP90 effect TBP specific", these

had four and two biological replicates respectively. Technical replicates, collected by taking

Trilux measurements in triplicate, were not included in standard error calculations.
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8.3 ReSULTS

8.3.1 Cloning of HMGBI

Human HMGBI was successfully cloned from human RNA into a mammalian expression

vector system (pcDNA3.1(+)). Figure 8.2 shows the RT-PCR product amplified from human

RNA running at the predicted size of 675bp, which includes the cloning primers. After

digestion, ligation and PCR screening, a positive clone was propagated to generate sufficient

high quality DNA for future transfection experiments. Sequencing of this clone using vector

primers surrounding the insert and alignment using Blast2

(lrttp:r/u,w'rv.ncbi.nlm.nih.goviblast/bl2seq) against the reference sequence (NM_002128),

confirmed the presence of a full length clone encoding HMGBI.

23

E50.
650 -

Figure 8.2 RT-PCR of HMGBI from human RNA. A PCR product of the expected size

(675bp including cloning primers) was generated from 2uL (1) and 4uL (2) human oligo-dT

primed cDNA. 3 : no template control. L : lKb plus ladder (Invitrogen).
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8.3.2 Confirmation of HMG expression

Neuro2A cells transfected with the HMGB I plasmid expressed a protein readily detectable

by rHMG and mHMG (Fig. 8.3). Despite a predicted nuclear localisation of overexpressed

HMG, cytoplasmic labelling was evident in addition to nuclear labelling with both

antibodies. The polyclonal antibody (rHMG) demonstrated relatively more cytoplasmic

labelling than the monoclonal antibody (mHMG). In comparison. untransfected cells reveal

low levels of endogenous HMG, and labelling is restricted to the nucleus (Fig. 8.2)

rHMG

transfected

untransfected

Figure 8.3 Expression of HMGBI in Neuro2a cells. Neuro2A cells transfected with human

HMG or left untransfected and labelled with rabbit polyclonal (rHMG) or mouse

monoclonal (mHMG) antibodies, and AlexaRed conjugated secondary antibody. Scale bar:
40uM.

mHMG
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Western analysis of lysates from the transfected cells reveal rHMG and mHMG

immunopositive proteins, both with a band migrating at about 29V'Da (Fig. 8.4), near the

predicted molecular weight of 26kDa. Endogenous HMG was readily detected by rHMG in

untransfected cells at the same size as the overexpressed protein, while the mHMG antibody

only detected the 29kDa band in untransfected cells after longer exposures (3 minutes, data

not shown). The mouse antibody predominantly detected immunopositive bands of much

higher molecular weight (Fig. 8.aB). This is presumably endogenous HMG, as it is present at

high levels in both transfected and transfected cells. It is detected by the monoclonal

antibody but not the polyclonal, which may reflect masking of the rabbit antibody epitopes in

a multimeric or complexed form of HMG. Alternatively the mHMG antibody may be binding

non-specifically to high molecular weight proteins.

B
lnHMG
-+

st
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5O-
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,+

h* .'!.r

Figure 8.4 Western analysis of overexpressed HMGBI protein. Transfected Neuro2A

cells were lysed and separated on SDS-PAGE gels, an immunopositive band is detected by

rHMG (A) just below 30kDa in the HMG transfected cells (*) compared to non transfected

G). A lesser amount of endogenous HMG is also detected. For comparison, a western of

transfected cell lysates using mHMG antibody is shown (B), again showing the HMG
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positive band just below 30kDa. In addition this antibody reveals 80kDa strongly

immunopositive bands as well as high molecular weight material in the stack gel interface.

Molecular weights (kDa) are indicated to the left of each gel. The interface between the

running and the stacking gel is also indicated (st). Film exposure times were 2.5 minutes (A)

and 30 seconds (B).

A blocking peptide is not available to confirm the specificity of the larger bands. Perhaps

importantly, the buffer used to lyse cells in Figure 8.48 was less denaturing than that in A,

although both were heat denatured in Laemmli buffer and run on SDS gels. A direct

comparison of the two antibodies was not possible; as the mHMG antibody was only

purchased after laboratory supplies of rHMG were depleted and temporarily not available

from the supplier (Abcam).

8.3.3 lmmunocytochemistry of endogenous HMG protein

Neuro2a cells were transfected with TBP constructs of various repeat lengths (TBP37,

TBP66, TBP90 and delmut) and immunocytochemistry using rHMG was undertaken to

investigate any effect TBP overexpression may have on the endogenous mouse HMG

protein. Mouse HMGBI is highly homologous to human HMGBI (Table 8.1). Endogenous

HMG was visualised predominantly in the nucleus of the cells, in contrast with the partially

cytoplasmic staining seen using the same antibody to detect overexpressed HMG (Fig. 8.3).

Little difference was noted between transfections until examining TBP90 transfected cells,

where punctate inclusions were readily apparent (Fig. 8.5). Direct confirmation that these

inclusions were co-localised with TBP90 was not possible as double labelling was not

performed.
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Figure 8.5 Endogenous HMG in TBP transfected cells. Neuro2A cells were transfected

with various TBP constructs (TBP37, TBP66. TBP90. delmut) or left untransfected (Fugene)

prior to immunocytochemistry with rHMG antibody. HMG immunopositive inclusions were

seen in TBP90 transfected cells. Scale bar: 40uM.

In order to investigate this observation furlher, a large time- and repeat length- matrix of

transfections was performed, examining the effect of TBP (TBP37, 48, 56, 66, 85, 90 and

delmut) expression on both endogenous and co-expressed HMG within Neuro2A cells. Cells

were fixed fcrr immunocytochemistry at 24, 48 and 72 hours after transfection and of the

three replicate wells at each time point, one had pTBP, one had rHMG and one had both

antibodies sequentially. Unfortunately, whilst pTBP labelling worked very well, rHMG

labelling was very poor. due in part to the choice of rAlexaGreen as the label; which tends to

generate a 'sparkly' background in my hands, making inclusion identification difficult. Also,

a lower rHMC concentration was used than previously because supplies were limited,

making staining weak. Therefore it was not possible to quantify any potential HMG

inclusions in the endogenous HMG series. The rHMG labelling in the co-expressed HMG

and TBP series was strong enough to determine that no dramatic changes in cellular

localisation of HMG had occurred (data not shown). but not clear enough to distinguish any

potential inclusions.
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However, in order to examine indirectly that co-expressed HMG may alter TBP inclusion

formation, the numbers of TBP inclusions at each repeat length and at each time point were

quantified. This is based on the hypothesis that the inclusion forming rate of TBP may be

altered through interactions or co-aggrcgation with overexpressed HMG, in an extension of

the work previously done showing increased numbers of polyQ-GFP inclusions upon

overexpression with TBP (Reid 2003). The percentage of TBP immunopositive cells that

contained inclusions are displayed in Figure 8.6. Each bar is an average of results from

counting five fields of view using the 20x objective'
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Figure 8.6 TBP inclusion formation. Numbers of TBP immunopositive inclusions within

transfected Neuro2A cells were quantified (% of transfected cells carrying inclusions) when

TBP was expressed alone (A) or co-expressed with HMG (B)' The TBP repeat length is

indicated at the bottom (66, 85, 90 and del) as is the hours post transfection (24, 48 and72)'

For simplicity, only the repeat lengths generating inclusions have been represented here'

Significant differences at the 95% confidence level between samples in A versus B using the

students t-test are indicated by an asterix (*).

A modest, but significant increase in the number of TBP immunopositive inclusions is seen

when TBP90 is co-expressed with HMG, compared to when expressed alone' This effect is

most significant (t-test p-value 0.004) at 24 hours, and less so at 48 hours (t-test p-value
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0.026). The average transfection efficiency calculated by counting TBP immunopositive cells

and total cells was 23%. This result will need further investigation, using successfully double

labelled cells; these are preliminary results only. The amount of transfected DNA in the

endogenous series was 0.15ug whilst in the co-expression series a total of 0.3ug DNA was

transfected; for a better comparison DNA levels need to be balanced'

8.3.4 lmmunohistochemistry of HMG protein in human brain tissue

Immunohistochemistry on disease and control middle temporal gyrus was performed using

the rabbit polyclonal HMG antibody (rHMG)' Due to the limited supply of the antibody' only

a few brains from the brain bank were examined. these were from brains with a range of TBP

tangle and clinical attributes (Chapter Four. Table 4.1). Formic acid treatment was carried out

on replicate samples to enhance epitope exposure! however no additional Stnrctures were

revealed with its use. Resulting staining was of rHMG immunopositive nuclei' with very

little background staining seen (Fig. 8.7). No evidence for immunopositive plaques were

noted, despite previous reports to the contrary (Takata 2003)' In their studies a different

antibody was used. so comparisons are difticult. Immunopositive neurofibrillary tangle like

structures were not noted. Without double labelling using neuronal or glial cell markers the

type of brain cell labelled with HMG positive nuclei can not be confirmed'

Quantification of immunopositive nuclei within the cortex region of the MTG sections from

each brain was carried out, as one particular disease brain clearly displayed more staining'

Figure 8.8 demonstrates this difference. with brain A3 having significantly more HMG

positive nuclei than other disease or control brains. A3 is from all yeat old female' with a

PM delay of 10.5 hours. Notably, this brain contained the highest number of TBP positive

tangles (Chapter Four, Section 4.3.9). When comparing counts of HMG positive nuclei in 43

to each of the other brains, in all cases the student t-test p-values are smaller than lxl0-t0'
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Figure 8.7 Examples of HMG positive nuclei within middle temporal gyrus sections.

Immunohistochemistry on human brain tissue, using the rabbit antibody (rHMG). HMG

immunopositive nuclei are distributed (brown DAB staining) relatively frequently in one

disease (A3) middle temporal gynrs section (A, B, C), and are less frequent in other brains

eg. a control (C7) MTG section (D). Scale bar: 50uM.

Figure 8.8 Frequency of HMG

positive nuclei.

The number of HMG positive

nuclei were counted in at least 17

fields of view (25x objective),

the average number (plus

standard error) per field is

presented.
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8.3.5 lmmunoprecipitation of HMG protein using TBP antibody

To investigate the possibility that the binding affinity of HMG to TBP may be altered as

polyQ repeat length increaseso co-immunoprecipitation studies were attempted. It was

hypothesised that TBP antibody may be able to co-immunoprecipitate HMG out of

transfected cell lysates and that subsequent western analysis of the solubilised HMG may

reveal a repeat length dependant difference in the amount precipitated. However, HMG was

not detected after immunoprecipitation of TBP using the pTBP antibody (Figure 8'9A), even

after extended film exposure times (10 minutes, data not shown). Therefore it was not

possible to examine any effect of polyQ repeat length using this approach.

B
PTB PMHMG

TBP IP TBP IP
HMG
TBP

++++ +++
48 66

+
90

lysneg
+
+

Figure 8.9 Lack of HMG co-immunoprecipitation with TBP. Neuro2A cells co-

expressing HMG and TBP proteins were harvested 48 hours post ffansfection and lysates

used for immunoprecipitation with pTBP-bound Dynabeads (TBP IP), and loaded onto

duplicate gels for western analysis with mHMG antibody detection (A) to determine co-

immunoprecipitation or pTBP detection (B) to confirm successful precipitation of TBP by

pTBP. Lysates (tys) were loaded to confirm expression, and a no [P bead plus lysates

negative control was also loaded (neg). Film exposure times were 30 seconds for mHMG and

l0 seconds for pTBP. Protein G is detected at approximately 32kDa and rabbit IgG at 55kDa.

Protein molecular weights in kDa are indicated to the left.
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As a control, a western was performed to confirm the immunoprecipitation of TBP from the

lysates was possible using pTBP (Figure 8.98), and this successfully precipitated the TBP of

increasing molecular weights from lysates, although TBP90 is presumed obscured by the

rabbit IgG. Due to the relatively large volume of antibody used during immunoprecipitation

experiments and the expense per uL of the HMG antibodies, the inverse experiment (co-

immunoprecipitation of TBP by HMG antibody) was not able to be performed. Unfortunately

no remaining rHMG antibody was available to test in place of mHMG, as Figure 8.4 had

demonstrated a difference in detection using these two antibodies. The band attributed to

protein G was visible in all samples that contained beads, although slightly longer exposures

were required for the no-IP control (Fig. 8.9A and B neg) samples.

8.9.6 Luciferase assays to examine transcriptional elfecfs of potential HMG

and TBP interaction

Previous work in our lab had demonstrated that the polyQ repeat length within TBP results in

CREB-dependant transcriptional alterations (Reid 2003), it was therefore hypothesised that a

repeat length effect may be seen when HMG is co-expressed with TBP. To examine

transcriptional effects of HMG when co-transfected with various TBP repeat length

constructs, a luciferase assay (Promega) using a reporter plasmid (Stratagene) was employed.

This assay relies on the expression of the luciferase protein from a plasmid that requires

promoter activation for transcription to occur. Several repeats of the cyclic AMP response

element (CRE) promoter element lie upstream of the transcriptional start site for luciferase,

along with a TATA box. Co-transfection of a second plasmid, expressing the CRE-binding

protein (CREB) under a CMV promoter allows the activation of the CRE element within the

luciferase construct and resulting luciferase activity can be quantified. Therefore co-

transfection of Neuro2A cells with the Cre-luciferase plasmid, the CREB plasmid and HMG-

and TBP-expressing plasmids should allow effects upon luciferase transcription to be

investigated.
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Figure 8.10 Effect of HMG and TBP on luciferase transcription in Neuro2A cells.

Relative luciferase units have been calculated after combining data from six biological

replicates, collected from three separate passages ofcells. The presence (+; or absence (-) of

an expression plasmid is indicated along the X axis, and standard errors are shown- All

treatments contained the same amount of plasmid DNA, achieved by balancing with 0GFP

plasmid.

The Cre-Luciferase plasmid demonstrates a reasonably high level of "leakiness" in

experiments with these cells (Figure 8.10 yellow bar). CREB is not a powerful driver of the

Cre-Luciferase plasmid used here, achieving a modest but significant (Table 8'2) increase.

The co-expression of HMG (Fig. 8.10 red bar) resulted in a significant (Table 8.2) increase in

luciferase activity when compared to samples containing Cre-luc and CREB but no HMG

(Fig. 8.10 pale blue bar). The magnitude of the fold change ranged from 1.3 to 3.3 in the six

biological replicates undertaken (three passage experiments. two transfection plates). No

significant alterations occur when TBP37, 
.fBP48 

or TBP66 are co-expressed with HMG,

however TBP90 co-expression results in a significant increase in lucifbrase activity when
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compared to HMG (t-test p-value 0.039) or to shorter TBP repeat lengths (Table 8.2, t-test p

values all below 0.0038).

Table 8.2 Statistical significance of the effect of HMG and TBP on Cre transcription.

Students t-tests were performed on the data from Figure 8.10 to determine the signiticance of

any differences in relative luciferase seen. Tests were two tailed and two-sample assuming

equal variance. All data presented is from six biological replicates, with fwo replicate

transfection plates performed at each of three passages of Neuro2A over the period of one

month. Technical replicates (triplicate luciferase detection from each biological replicate)

were not used in error calculations. The colour of the bars from Figure 8.10 is shown in

brackets after the sample name. Significances are represented as: * at 95Yo, ** at 99o/o and

*** 61 99.9o/o confidence level.

Sample (colour) Sample (colour) t-test p valur Jjg4!fi934t9-

Cre Luc
Cre Luc
CREB
CREB
CREB
CREB
CREB
HMG
HMG
HMG
HMG
TBP37
TBP48
TBP66

TBP37 (blue)
TBP48 (blue)

0.0328
0.0066
0.0204
0.0269
0.0045
0.0577
l.0E-06
0.3339
0.925r
0.15 16

0.0386
0.0001
0.0038
4.08-06

(yellow) CREB (p.blue)
(yellow) HMG (red)
(p.blue) HMG (red)
(p.blue) TBP37 (blue)
(p.blue) TBP48 (blue)
(p.blue) TBP66 (blue)
(p.blue) TBP90 (blue)

,F

**
+

rF

*t

**i<

(red)
(red)
(red) TBP66 (blue)
(red) TBP90 (blue)
(blue) TBP90 (blue)
(blue) TBP90 (blue)
(blue) TBP90 (blue)

*
**rf

**
*:1.*

Interestingly, whilst the general observation that TBP66 co-expression resulted in less

luciferase activity than all other TBP constructs was not significant, it was consistently

repeated in all biological replicates. To cont'irm that this was not an effect of an incorrectly

quantified stock of TBP66 DNA, all DNAs were re-quantified and new transfection dilutions

made prior to the final passage experiment where the trend was still apparent (Fig. 8.12).
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To investigate the component of the effect noted in Figure 8.10 that was due to TBP

expression, parallel experiments were performed using the TBP consffucts in the absence of

HMG. The longer repeat length (TBP66, TBP90) clones of TBP result in modest but

significant increases in luciferase transcription, while the shorter clone (TBP37, TBP48) did

not (Figure 8.1l). The t-test p-values for the tbp clones were (0.058, 0.092. 0.027,0'012). tn

comparison to similar experiments performed three years ago using the same TBP constructs

(Reid 2003), some differences exist. In brief in the previous report, significant increases were

seen with TBP48, TBP56, TBP66 and TBP85. while TBP90 was a non significant increase.

TBP36 demonsffated no increase. ln the data presented in this chapter, whilst all constructs

show a general increase TBP48 is not significant. this construct had displayed the greatest

fold increase in the previous report. Some differences in experimental design exist, here a

total of 2.4ug DNA is used, whilst previously it was l.8ug, and here, newly purchased

Luciferase Cell Culture reagent was used to lyse cells, while previously a more general

Luciferase lysis buffer was used. However the greatest difference is with the cells

themselves. Neuro2A cells used in the SCAIT publication were from freezer stocks that had

been passaged many times prior to arrival in our laboratory. As a result the number of

passages ex-ATCC was not known, but was presumed high. All cell culture work in this

thesis has been on fleezer stocks of cells directly purchased by our group from ATCC, the

number of passages is always known, and generally transfection experiments are performed

while cells are between 20-35 passages ex ATCC. A general observation since using these

cells, has been that the point at which TBP inclusion formation occurs is later than with the

earlier cell lines. In other words, a right shift of the x axis, which in effect is the difference

between the two luciferase experiments being compared here.

207



100

Effect of TBP in the absence of HMG

*
*

t
I

2soc
5
o
P60
i:o{-'6
:40
o.l
{a!20
oL

CRE LUC
GREB

TBP

Figure 8.1I The effect

Relative luciferase units

+
+
90

+ ++++
++++
-374866

of TBP on luciferase transcription in the absence of HMG'

have been calculated after combining data from four biological

replicates, collected from two separate passages of cells. The presence (+; or absence (-) of

an expression plasmid is indicated along the X axis, and standard errors are shown. All

ffeatments contained the same amount of plasmid DNA (2.4ug), achieved by balancing with

gGFP plasmid. Significant differences from Creb (pale blue bar) at the 95o/o confidence

interval are indicated bv an asterisk.

To examine whether the increase seen when TBP90 was co-expressed with HMG was due to

the extended length of the polyQ tract, the effect of co-expressing polyQ GFP fusion proteins

was examined in the final passage experiment. This would remove any TBP specific effects,

and because TBP90 and IOOGFP both rapidly form punctate inclusions within a high

percentage of transfected cells, and a similar proportion of each protein is within the polyQ

tract (23 and 27Yo respectively), they were considered comparable in their polyQ context.

Figure 8.12 demonstrates that increasing polyQ length within GFP fusion proteins co-

expresse{ with HMG has no effect on luciferase activity in this system. As in Figure 8.10,
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where data is combined from 6 biological replicates, a significant increase in luciferase

activity is seen in Figure 8. l2 when TBP90 is co-expressed (t-test p value : 0.012).

Effect of polyQ tract on HMG - enhanced transcription
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Figure 8.12 TBP-specific HMG enhanced transcription. Relative luciferase units have

been calculated after combining data from two transfections in the final passage experiment

(two biological replicates). The presence (+) or absence (-) of an expression plasmid is

indicated along the X axis, and standard enors are shown. Constructs expressing GFP fusion

proteins carrying 0. 30 or 100 glutamines were used to examine whether TBP90 and HMG

co-expression effects are TBP or polyQ specilic. Significant differences between HMG (red

bar) and any of the TBP or GFP containing proteins are indicated by an asterisk (*) at the

95% confidence level. All treatments contained the sarne amount of plasmid DNA. achieved

by balancing with OGFP plasmid.
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In an effort to determine whether the driver plasmid CREB was required for this HMG

induced increase in transcription, parallel assays were undertaken in the absence of CREB

(Figure 8.13)
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Figure 8.13 Effect of HMG on luciferase activity in the absence of CREB- Relative

luciferase units have been calculated after combining data from four biological replicates.

The presence (+) or absence (-) of an expression plasmid is indicated along the X axis, and

standard errors are shown. All treatments contained the same amount of plasmid DNA

(2.4ug), achieved by balancing with 0GFP plasmid'

Interestingly, HMG is able to drive the Cre-luciferase plasmid in the absence of CREB, but

levels are low and variability high, and whilst the tbld increase ranged from2.2 to 3.1 in the

four biological replicates (over two passages of cells). the increase is not quite significant (t-

test p value = 0.053). When looking at the combination of the TBP clones with HMG in these

CREB-free experiments, no significant effect of TBP was noted, in particular the increase

seen with TBP90 (seen in Figure 8.10) was completely absent. This, when taken together
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with the rest of the results in this chapter may suggest that the TBP effect on luciferase

transcription is CREB dependent, whilst the HMG effects on luciferase are partially

independent of CREB.
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8.4 DrscusstoN

In this chapter experiments were undertaken to explore a TBP repeat length effect on HMG,

a protein recently found to interact with the polyQ tract of TBP. A full length human

HMGB1 construct was made, enabling expression of HMGBI protein within Neuro2A cells.

This construct was sequence verified and shown to express a protein of approximately 29kDa

detected by two different HMGBI antibodies. Both antibodies reveal nuclear localisation of

the overexpressed protein, but also cytoplasmic labelling, with rHMG demonstrating

relatively more cytoplasmic labelling than mHMG. HMGBI has an important architectural

role within the nucleus, but it can also be released extracellularly and have an inflammatory

role (Andersson 2002). ln P19 neuroblastoma cells endogenous HMGBI is predominantly

nuclear but their differentiation by retinoic acid results in strong labelling within the

cytoplasm and neurotic processes (Guazzi 2003). The partially cytoplasmic localisation seen

in overexpressing cells in this chapter is therefore not entirely unexpected.

A preliminary experiment to examine effects on endogenous mouse HMG by overexpression

of TBP constructs indicated that rHMG immunopositive punctate inclusions form when

TBp90 is being overexpressed (Fig. 8.5) This is potentially a very exciting result as it

indicates an interaction is occurring between HMG and TBP90, and that endogenous HMG

protein can be affected. Double labelling and confocal studies are required to further

investigate this, and also whether inclusions formed by the expression of shorter polyQ

repeat length TBP proteins can localise with endogenous HMG. The detection of even subtle

co-localisation may be possible using the thin optical slices that are generated during

confocal microscopy. In an indirect measure of an effect of HMG co-expression on TBP

inclusion formation a modest, but significant increase in TBP90 inclusions was noted (Fig.

8.6). These experiments require further validation, but are suggestive of an interaction

between overexpressed HMG and TBP that can be altered by extreme polyQ repeat lengths.
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HMG positive nuclei were found throughout the cortex of the middle temporal gyrus sections

examined from four disease and two control brains using the rabbit polyclonal antibody' One

particular disease brain (A3) contained dramatically more HMG positive nuclei than either

controls or other disease brains. lnterestingly, ,{3 is the only brain that contains more TBP

tangles than Tau tangles within middle temporal gyrus cortex (Chapter Four, Table 4'l) so it

is possible that in this patient, TBP accumulation is a major player in the etiology of the

disease. However, whilst 43 has the highest number of TBP tangles, two other disease brains

with much less HMG had similar numbers of TBP tangles (A8, A10). No other clinical

attributes appear to account for this difference. The filter assay results from entorhinal cortex

tissue (Chapter Three, Fig. 3.4), revealed no detergent insoluble TBP present with brain A3,

even after lengthy exposures. It is impossible to know using these techniques whether this is

due to a lack of insoluble TBP or a lack of detectable insoluble TBP.

Contrary to a previous report, HMG was not detected within senile plaques of AD brain

(Takata 2003), despite formic acid attempts at antigen retrieval. In that paper' a BD

PharMingen polyclonal antibody was used, likely raised to residues between 166 to 181 of

human HMGBI (determined by a search of possible PharMingen antibodies), a location

between the second of the trvo HMG boxes and the acidic C terminal tail, while the antibody

used in the immunohistochemistry in this chapter was an Abcam polyclonal raised to full

length HMGBI. Therefore differences in our results may be due to epitope availability.

Neurofibrillary tangle like structures were not noted. Future studies including the use of other

HMG antibodies on human brain tissue, more brain samples, and double labelling with TBP

antibodies should be informative.

Immunoprecipitation of HMG protein was not successful using the pTBP antibody, therefore

it was not possible to determine effects of TBP repeat length on the binding affinity between

these two proteins. It is possible that the epitope of pTBP may interfere with HMG

interaction, as it is just N-terminal to the polyQ interaction site. Therefore only a pool of the

available TBP may be able to immunoprecipitate with pTBP, that which is not bound to

HMG. Use of another TBP antibody would be worthwhile in the future, as well as using
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HMG immunoprecipitation antibodies. The paper describing the interaction between the

polye repeat in TBP and HMG used purified recombinant proteins, and electrophoretic

mobility shift assays (EMSAs) to determine the formation and stability of TBP protein

complexes (Das 2001). It would be interesting to undertake these experiments using purified

recombinant TBP carrying various polyQ repeat lengths'

A complete comparison of the two HMG antibodies used for the various techniques in this

study will be interesting, as well as the use of the plaque-detecting antibody used by Takata

et at 2003. The two antibodies used in this study are compared below

The rabbit polyclonal antibody raised to full length human HMGB l:

o detected a29kDa band by western

. demonstrated nuclear and cytoplasmic labelling in HMG overexpressing cells

o revealed nuclear labelling in a proportion of brain cells within both disease and

control brain sections

o identified punctuate endogenous mouse HMG inclusions in TBP90 overexpressing

cells

The monoclonal mouse antibody raised to full length human HMGBl:

o detected a 29kDa band and abundant high molecular weight protein of 80kDa, and

within the stack gel of lysates from both overexpressing and untransfected cells

. demonstrated nuclear and some cytoplasmic labellng in HMG overexpressing cells.

o failed to detect any HMG co-immunoprecipitating with pTBP antibody

It is possible that the differences seen in western results when using these antibodies is a

reflection of structural and epitope differences. A 16 amino acid residue region of HMG has

previously been identified as having amyloidogenic properties (Kallijarvi 2001). The

amyloidogenic region of HMG and B-amyloid share four amino acids (VFFA or AFFV); the

authors approach was that amyloid proteins share structural determinants with linle sequence

homology. p-amyloid can form frbrils with a minimal requirements of only 10 amino acids

(ljernberg 1999), within which VFFA resides. Competition studies using increasing amounts

of B-amyloid indicated that an interaction exists between p-amyloid and HMGBI via the

identified 16 residue region of HMG (Kallijarvi 2001), the region is indicated in Figure 8.1
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of this chapter. Therefore different antibodies may not be capable of detecting all forms of

HMG, despite formic acid heatment, and the use of HMG antibodies on brain tissue other

than the rHMG one used in this chapter may be informative. The high molecular weight

protein detected by the monoclonal HMG antibody (Fig. 8.4) supports this. Co-

immunprecipitation experiments using other HMG antibodies as precipitation or detection

antibodies for the detection of co-immunoprecipitating TBP within brain tissue are

worthwhile.

The observation in this chapter that HMG can drive luciferase expression is consistent with a

previous report where a 2-3 fold increase in p-galactosidase activity is seen when a full

length HMG-expressing plasmid was co-transfected into COS-I cells with a lacZ reporter

plasmid (Aizawa 1994). This transcriptional activation was also demonshated when purified

expressed HMG protein was bound to the reporter plasmid prior to transfection. Of particular

interest, when they used a truncated version of HMG, lacking the acidic C-terminus, they

found this repressed the expression of the reporter gene. Therefore the acidic C-terminus is

essential for the gene expression enhancement in their system. The enhanced luciferase

activity seen when TBP90 is co-expressed with HMG in this chapter is likely to be a TBP

specific effect, as polyQGFP fusion proteins showed no repeat length effect (Fig. 8.12). This

is consistent with previous work in this lab, but without HMG, where polyQGFP fusions also

showed no significant differences, while longer TBP repeat lengths resulted in increased

luciferase activity (Reid 2003). It is unclear why TBP90 co-expression with HMG should

result in increased luciferase transcription, though the fact this effect was only seen within

cells co-expressing CREB, indicates a Cre dependant component to the effect.
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8.5 GoNcLUstoNs

The overexpressed HMGB1 protein travels at approximately 29kDa and is

predominantly but not exclusively expressed in the nucleus.

Overexpression of TBP90 protein appears to alter distribution of endogenous HMG

protein, causing it to co-aggregate into punctuate inclusions.

Co-expression of HMG with TBP90 protein revealed a modest, but significant

increase in TBP90 inclusion formation.

HMG protein is detected within nuclei of brain cells from both disease and control

tissue. The disease brain that demonstrated the most TBP tangles in Chapter Four

(A3) contained significantly more HMG immunopositive cells.

Immunoprecipitation of HMG protein was not successful using the pTBP antibody,

therefore it was not possible to determine effects of TBP repeat length on the binding

affinity between these two proteins. Detection or immunoprecipitation using

alternate HMG antibodies may be informative.

o Luciferase activity assays were employed to indirectly determine effects of TBP

repeat length on HMG transcriptional activation. Evidence for a TBP specific and Cre

dependant increase in luciferase activity was noted when TBP90 was co-expressed

with HMG.

The results from this chapter describe preliminary evidence for a TBP repeat length effect

upon HMG function or vice versa. Future work will investigate this further. In the next

chapter, the General Discussion, results and conclusions from all chapters will be discussed.
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GNAPTER NINE

GeUERAL DlscussloN

9.1 GENERAL OVERVIEW

The aim of the research described in this thesis was to investigate the possibility that TBP

contributes to Alzheimer's disease. The hypothesis underlying this work was generated in

part because of the existence of a family of inherited diseases which are caused by an

expanded polyQ coding hact. In general, polyQ diseases have a threshold repeat length' at

lengths 36 and above disease can result. Expansions within the repeat coding tract of the gene

coding for TBp cause SCAI7, therefore a neurodegenerative mechanism exists for this

protein. An inverse relationship between repeat length and age of onset exists for the known

polyQ diseases, including SCAIT and importantly, the normal repeat length within TBP

alleles is very long and polymorphic, the most common allele in Caucasian populations

contains 38 repeats. It was therefore hypothesised that normal TBP may contribute to other

late onset neurodegenerative disorders, in an extension of the known age of onset/polyQ

repeat length relationship. AD is a multigenic broad spectrum disorder, and although the

genetic basis of some familial cases is known, little is understood of the more prevalent, late

onset disease. The phenomenological association of insoluble protein and late onset

neurodegenerative disorders has been proposed for some time. Because of the high

population frequency of very long polyQ repeats within the normal TBP protein, its

involvement in other polyQ disorders and the emerging similarities of protein misfolding

diseases this research set out to determine if TBP contributes to the development of AD'

Approaches used to investigate this hypothesis included: biochemical and

immunohistochemical techniques to detect forms of TBP within AD brain tissue, a large

genetic study of patients and controls, and the investigation of TBP-interacting proteins using
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cell culture model systems. The results of this thesis research were presented in Chapters

Three to Eight, the main findings from each chapter have been summarised below.

9.2 FIT,IDINGS OF THIS THESIS

g.2.1 Detergent insoluble TBP is detected in the SCA17 model and disease

brain

Chapter Three reports the development of a method for the detection of detergent insoluble

protein and was applied to cell lysates from the SCAIT model and brain tissue homogenates

from human samples. Detergent insoluble TBP is detected in a repeat length dependant

manner in the SCAIT cell culture model and is detectable from repeat lengths of 48. The

importance of flanking protein in determining detergent insolubility is demonstrated by two

proteins that both carry 36 glutamine repeats but display very different amounts of detergent

insoluble TBP; it was abundant in protein expressed from the deletion mutant, but not found

in protein expressed from the full length TBP36 construct. Detergent insoluble huntingtin

and TBP is present in HD brain and detergent insoluble TBP, Tau and B-amyloid are present

in AD brain. Detergent insoluble TBP is present within most of the 13 AD samples tested

from the brain bank, at variable levels. Levels of detergent insoluble TBP detected are

variable and not at all correlated to those of p-amyloid; however, 43%o of the variability in

TBp can be explained by Tau levels. The filter retardation assay has therefore demonstrated

the presence of detergent insoluble TBP in the SCA17 model and in AD brain.

g.2.2 TBP positive structures are found in AD brain fissue sampres

Results from immunohistochemical studies used to investigate the location of TBP within

AD brain are reported in Chapter Four. The types of structures detected by TBP were similar

in appearance to neurofibrillary tangles, neuritic threads and dystrophic neurites. The

majority of TBP tangles co-localize exactly with Tau tangles, however some differential

localization of the two proteins was noted, in what appear to be early tangles. TBP positive

extracellular plaques are not seen, although TBP positive dystrophic neurites are present
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within B-amyloid plaques. TBP structures are present in all disease brain MTG sections

examined, at variable levels. The frequency of tangles seen is not significantly correlated to

the frequency of Tau tangles or p-amyloid plaques. TBP tangles are widespread throughout

disease brain, at variable levels. The brain region containing the most TBP tangles was

different for the three disease brains examined. Normal nuclear TBP is poorly detected in PM

tissue from disease or control brains, whilst a human biopsy tissue sample with a short PM

delay displays diffuse nuclear TBP. The co-localisation of TBP to NFT structures seen in this

chapter is consistent with the results from Chapter Three, where levels of detergent insoluble

TBP and Tau were at least partially correlated. One of the disease brains revealed a higher

frequency of TBP tangles than Tau tangles.

9.2.3 A truncated form of TBP is abundant in disease brain tissue

Chapter Five reports the use of SDS PAGE techniques to examine TBP protein, and found

that within human brain tissue two TBP specific bands are identified using the pTBP

antibody, a full length TBP (42kDa) and a potentially truncated fragment (29kDa). The

421pafull length TBP was detected in all brains examined, and levels were not significantly

affected by increases in PM delay. The 29kDa band was present in variable amounts across

brains and the relative intensity of this band was significantly higher in disease brain than

control brain. No significant correlations between the presence of the 29lDa band and either

age at death, or PM delay were found. The 29kDa TBP immunopositive band could be

solubilised by formic acid treatment, indicating a level of incomplete denaturation of this

protein. The 29kDa band, but not the 42kDa band was also resistant to proteinase K

(lgpg/ml) digestion. In summary, a truncated form of proteolytic resistant TBP has been

identified within human tissue, and is significantly more abundant in disease brain. This

finding is analogous to the deposition of p-amyloid.

9.2.4 Overexpressed TBP and Tau can co',ocalise

In Chapter Six, cell culture based studies were performed to investigate whether

overexpressed TBP and Tau proteins can interact. Epifluorescent studies of TBP- and Tau-

expressing Neuro2A cells reveal no gross morphological changes. GFPTau is predominantly
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cytoplasmic, TBP is predominantly nuclear at shorter repeat lengths (TBP37, 44, 48)'

becoming partially cytoplasmic as inclusions form at longer repeat lengths (TBP90)' In a

small number of GFpTau and TBP co-expressing cells, altered GFPTau protein distribution

was noted. Confocal studies of these cells at 72 hours post transfection confirmed that in a

proportion of double transfected cells, co-localisation with TBP inclusion stmctures

occurred. Confocal studies also showed that the GFPTau within these co-localising cells was

now located within the nucleus as well as within the cytoplasm. Levels of detectable TBP90

and Tau/GFPTau proteins were reduced when co-transfected. Western analysis showed an

alteration in Tau banding patterns when co-expressed with TBP90 proteins and not with

TBp36 or TBP48. This provides some tentative evidence suggesting a direct interaction

between TBP and Tau but will require further research to confirm.

g.2.5 Evidence for a TBP polyQ repeat length associafion in older AD patients

chapter seven is a report of a genetic study in AD patients. TBP and ApoE4 genotypes of the

available brain bank samples were determined, and an ABI3I00 fragment analysis assay

optimized to allow genotyping of two large AD association datasets made available from

collaborators in Wales and England. Eleven different TBP polyQ repeat haplotypes were

detected within the 20 brain bank samples. ABI3l00 allowed rapid and accurate genotyping

of TBp polyQ repeat lengths within 694 DNA samples from the two association datasets

obtained. Statistical analysis of TBP alleles present a difficulty because both copies are long,

therefore several analysis methods were employed. ln Dataset A, the median TBP repeat

lengths were nearly significantly higher in disease than control groups (0.0691). As younger

subjects were removed from the dataset, this difference became significant' Dataset B did not

repeat this effect. When Dataset A was stratified for the presence of the ApoE4 allele,

differences between the median repeat length of disease and control as ages of onset were

increased became more significant if homogygous ApoE4 subjects were removed. Therefore,

significant effects of TBP repeat length have been found in dataset A but not B. Ninety eight

percent of the subjects in these cohorts carry at least one TBP allele of 36 polyQ repeats or

longer. Therefore distinguishing between allelic effects is difficult as all may be capable of B-
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sheet formation. It may be that fitting further variable to the analysis model would reveal

significance. This dataset is undergoing additional analysis by another group'

9.2.6 Evidence for a potyQ repeat tength effect on TBP interaction with

HMGBl

Chapter Eight describes an investigation into HMGBI, a protein recently found to interact

directly with the polyQ repeat within TBP. The TBP/HMGBI interaction is known to alter

the affinity of TBP to the TATA box. An expression construct was made, and western

analysis showed that overexpressed human HMGBI protein travels at approximately 29kDa'

Immunocytochemistry revealed that it is predominantly but not exclusively expressed in the

nucleus. Overexpression of TBP90 protein alters distribution of endogenous mouse HMG

protein, causing it to co-aggregate into punctuate inclusions. Co-expression of HMG with

TBP90 protein revealed a modest, but significant inmease in TBP90 inclusion formation.

HMG protein is detected within cell nuclei of disease and control brain tissue. The disease

brain that contained the highest density of TBP tangles in Chapter Four (A3) contained

significantly more HMG immunopositive cells. HMG immunoprecipitation was not

successful using the pTBP antibody; therefore it was not possible to investigate effects of

TBP repeat length on the binding affinity between these two proteins. Luciferase activity

assays were employed to indirectly determine effects of TBP repeat length on HMG

transcriptional activation. Evidence for a TBP specific and Cre dependant increase in

luciferase activity was noted when TBP90 was co-expressed with HMG. Therefore evidence

for a TBP repeat length effect upon its interaction with HMG has been found. These data

point to HMG as a possible modifying protein in the disease process.
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9.3 ROLE OF TBP IN AD AND FUTUNE DINCCNONS

The results in this thesis provide evidence that TBP accumulates in AD. TBP is found within

NFT structures and is detergent insoluble in AD brain. A truncated form of TBP with

resistance to proteinase K is detected at significantly higher levels in disease brain. It remains

to be seen whether TBP contributes to disease or is simply an end stage pathological marker

of the disease, however its ability to cause SCAIT at expanded repeat lengths would suggest

it has potential to contribute to the progression of AD, even at wild type lengths. The mutated

proteins that cause the polyQ diseases are thought to exert their effects through a gain of

toxic function mechanism that is poorly understood. TBP may contribute to AD through a

similar mechanism, or as a result of altered TBP function, or as a combination of both

mechanisms.

TBp is an essential transcription factor, and TBP dimerisation is thought to be 
^ 

rate limiting

step in transcription (Coleman lgg7, Jackson-Fisher 1999a, Jackson-Fisher 1999b)'

Alterations in amount of monomeric TBP available for TATA binding may therefore have a

major effect on the function of the cell. Confoundingly, studies finding that TBP

dimerisation is a rate limiting step have used only the C-terminus of TBP, and recently it has

been suggested that dimerisation is not limiting in the full length context of the yeast TBP

protein (Campbell 2000), which is further complicated by the lack of most of the N-terminus,

including the repeat, in yeast TBP. The effect of TBP dimerisation in full length human TBP

proteins, canying a range of polyQ repeat lengths needs further investigation'

In Chapter Seven, two large AD association cohorts were genotyped to determine if the

polye repeat length within TBP was associated with the presence or age of onset of AD'

Dataset A demonstrated that disease subjects carried longer TBP alleles than control subjects,

and that as the dataset was restricted to older subjects, the effect became stronger' In

addition, when subjects homozygous for the ApoE4 allele were removed the effect became
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highly significant. These results indicated that in older subjects, where other potentially

stronger genetic influences were not present, TBP can increase the risk of AD. However, the

effect was not repeated in Dataset B. Association studies are difficult to replicate, and whilst

the two dataset were collected using the same criteria, small differences in age and ApoE4

allele distribution were present. TBP allele distribution is very different across racial groups,

and with 98% of Caucasians carrying at least one allele of 36 repeats or longeg finding subtle

effects is difficult. In future studies, TBP repeat lengths could be determined in family

cohorts, to investigate whether the previously reported linkage to the 6p27 reglon is due to

TBP alleles. Access to association cohorts where ethnicity and sex have been matched in a

case/control fashion, but all controls collected from advanced age mentally healthy subjects,

would be informative, as age matching of controls is of little value in a common late onset

disease.

Although little is known regarding the function of the polyQ tract in human TBP, it is known

to directly interact with HMGBI to increase affinity of TBP to the TATA box. Chapter Eight

demonstrated increased hanscription activity when TBP90 was co-expressed with HMG, this

may be the result of altered TBP: TATA affinities as the effect was found to be TBP specific,

not due only to the polyQ hact. Fluctuations in cellular levels of HMGBI could have

significant biological consequences (Bustin 1999), therefore it is possible that the HMGBI /

TBP interaction, if perturbed , ffi6y contribute to a disease mechanism. Whether the effect

seen with TBP90 is due to reduced or increased interaction with HMG is yet to be

determined. Future work would benefit from confocal microscopy and double labelling

studies to examine the incorporation of endogenous HMGBI into TBP inclusions. The in

vitro expression of HMGBI and TBP of various repeat lengths, would allow EMSA studies

to investigate directly if the polyQ tract in TBP alters the HMGBI/TBP/TATA complex, as

suggested in Chapter Eight.

The identification of a potentially truncated TBP protein at high levels in AD brain is a key

finding from this work. The resistance of this protein to proteolytic digestion and its further

solubilisation by formic acid suggest that it shares features common to proteins involved in
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amyloidogenic disease. The accumulation of this product, which, due to its size, is likely to

lack the C-terminal DNA binding region of TBP, may result in altered HMG/TBP/TATA

interactions and thus altered downstream affects on the cell. Future work to determine the

site of cleavage and further biochemical characterisation of this species will be important'

Some evidence for an interaction between TBP and Tau was seen in Chapter Six, further

work is needed to confirm this possible interaction. The role that TBP plays in AD may be

independent of physical interactions with Tau, nevertheless, the use of an animal

overexpression model, such as C.elegans should elucidate whether TBP expressed in

combination with other components of AD pathology, such as Tau, p-amyloid, presenilin

mutants and ApoE4 contributes to dysfunction in a longerJived whole animal model'

Impairment of the ubiquitin proteasome pathway may also contribute to the mechanism of

the disease. A recent paper reports the eukaryotic proteasome is unable to cleave the polyQ

hact within a myoglobin fusion protein; instead the 35 repeat polyQ fragment is released

intact, and is detectable by lC2 antibody. The authors suggest this released polyQ fragment

rapidly aggregates unless further cleaved or degraded, by an as yet unknown mechanism

(Venkatraman 2004).

Human wild type TBP accumulates in HD brain (van Roon-Mom 2002), and a very recent

report demonstrates its interaction with huntingtin rr vitro and within model systems

(Schaffar 2004). The authors have demonstrated that the accumulation of TBP into

huntingtin aggregates is due to interactions with soluble forms of huntingtin, as existing

aggregates of huntingtin alone did not incorporate the same levels of TBP' Using FRET

based assays they demonstrate that TBP interferes with huntingtin intermolecular

interactions, inhibiting the formation of huntingtin oligomers by over 50%. They also

demonstrate an in vitro reduction in TBP/TATA box binding when in combination with the

expanded huntingtin protein (Schaffar 2004). This is strong evidence that TBP can directly

interact with the polyQ disease proteins, and as a result its normal function may be altered'
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Conformational changes can result in proteins with no sequence homology sharing a

structural epitope; a monoclonal antibody has been identified that recognises fibrillar forms

of B-amyloid or polyglutamine, but not the soluble counterparts (ONuallain 2002). In

addition, antibodies that detect the soluble oligomeric form, but not the soluble monomeric or

fibrillar forms have also been identified (Kayed 2003). Importantly, a recent paper has

demonstrated the ability of polyQ tracts within exon I of huntingtin to seed the formation of

tPS/l prions and Sup35 aggregation in yeast. To a degree this seeding was also achieved

using non-polyQ containing amyloids, such as insulin and Ig (Derkatch 2004)' This supports

a hypothesis of common protein misfolding mechanisms existing in a seemingly diverse set

of diseases.

9.4 OVERALL CONCLUSIONS :

TBp is an essential transcription factor and it is probable that modulations in its DNA

binding activity will have widespread effects. Many of the results described in this thesis are

observational, yet together point to a role for TBP in AD. Altered HMGB1 transcriptional

activation provides functional evidence for polyQ dependent effects on the interaction

between the two proteins. Whilst the co-expression of HMGBI and various repeat length

TBp proteins is far removed from the human disease situation, it does highlight a potential

mechanism for cellular dysfunction, when TBP / HMGB1 interactions are altered. The

identification of a potentially truncated proteinase K resistant TBP protein that is abundant in

disease brain is an important and novel finding from this research. Future studies that identify

the sequence at its C-termini, and further investigate its presence and stability throughout the

brain, will be important.
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In Chapter Four, structures were identified that contained differentially localised detectable

Tau and TBP. These appeared to be early tangles. as a nucleus was present (see image below

and Figure 4.7C). Altered TBP may occur early in the pathogenesis of AD, altering the

transcriptional activity of the cell and contributing to the correlation that exists between the

presence of tangles and cognitive decline in the patient.

Figure 9.1 TBP and Tau differential localization. Differential localisation of TBP (green)

and Tau (red) in relation to the Hoechst stained nucleus (blue). lmage extracted from Figure

4. r3.

Taken together, these findings implicate TBP in AD, likely as a result of altered protein

interactions. Whilst the TBP polyQ tract is not expanded into SCAIT causing range, it is of

sufficient length in most Caucasians to accumulate and form aberrant protein structures over

time, with the accumulation of common misfolded epitopes resulting in cellular dysfunction.
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Appendix I - SCAIT age of onset

Table 1. SCA17 patients with published ages of onset and disease allele polyQ repeat
Iengths. Homozygous patients have been excluded. The region where disease expansion
has occurred is shown where possible, the numbering fbr regions is as shown in Chapter
One. section 1.4.2

Patient repeat Onset Region of expansion mutation
(vrs)

Reference

A ITI-I
A III-2
C UI-5
C UI-6
B II-2
D III-8
Ir-2
III-3
III-4
IV-2
Ir
lz

II

IIz
IIr
I14

IIs
sAL-2309
AAR-028
l-I.l
I -II. I
2-IIt. I
z-ilr.2
2-ITI.3
2-IV.l
3-I. I
3-II. I
3-lt.2
3-III. I
4-1il-t2
III-9
III-IO
III.I4
IV-2
n-2
TTT-2

III-3

(Nakamura 2001)

(Nakamura 2001)

(Nakamura 2001)

(Nakamura 2001)

(Nakamura 2001)

(Nakamura 2001)

(Fujigasaki 2001)

(Fujigasaki 2001 )

(Fujigasah 2001)

(Fujigasaki 2001 )

(Zuhlke 2001)

(Zuhlke 2001)

(Zuhlke 2001)

(Silveira 2002)

(Koide 1999)

(Zuhlke 2003a)

(Zuhlke 2003a)

(Zuhlke 2003a)

(Zuhlke 2003a)

(Stevanin 2003)

(Stevanin 2003)

(Rolfs 2003)

(Rolfs 2003)

(Rolfs 2003)

(Rolfs 2003)

(Rolfs 2003)

(Rolfs 2003)

(Rolfs 2003)

(Rolfs 2003)

(Rolfs 2003)

(Rolfs 2003)

(Rolfs 2003)

(Maltecca 2003)

(Maltecca 2003)

(Maltecca 2003)

(Maltecca 2003)

(Hagenah 2004)

(Hagenah 2004)

(Hagenah 2004)

55

55

48
48
47
47
46
46
46
46
53

55

51

43
63
48
48
48
48
44
46
49
49
54
54
54
54
45
45

45
45
54
53

53

53

66
53

55

55

l9
25
39
48
40
28
50
3l
55

34
34
20
l3
52
6
38
43
36
33
29
23
38
l6
36
18

23

t8
30
43

30
23

l8
35
34
23
1J

45
23

23

Region IV and V duplication (CAGToCAACAG x2)
Region IV and V duplication (CAGT6CAACAG x2)
Region [V and V duplication (CAGT6CAACAG x2)
Region IV CAGrr
Region IV CAG:3
Region IV CAGIo
Region IV CAGzo
Region lV CAGzo
Region IV CAGuo
Region [V CAGzo
Loss of region II and expansion region tV (CAG)45
Loss of region II and expansion region IV (CAG)qz
Region [V CAGrr
Region IV CAGz-r
CAGeCAAICAGs inserted after region III
Region IV CAGzo
Region IV CAGzo
Region IV CAGzr
Region IV CAGzo
Region IV CAGze
Region IV CAGzq
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
CAG; CAA4 CAG++ CAA CAG
CAGr CAA4 CAGa+ CAA CAG
CAG: CAA4 CAG++ CAA CAG
cAGs CAA4 CAGsr CAA CAG
nd
nd
nd
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APPENDIX II

Plasmid expression vector

CLONES

TBP37-90 and TBP deletion mutant
Tau
GFPTau

HMG

GFP with 0,30 or 100 glutamines

CREB

construction

PAGE

I
2

3

4

5

6
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ix II - Plasmids

TBP repeat length clones and deletion mutant

Human wild type TBP cDNA (NM-003194) was amplified using TBP5'Koz and TBP6

primers and cloned into EcoRI XbaI sites of pcDNA3.l(+): 
-

TBP5'Koz : TGTGAAT-I'('',i L :,,{l'(iGATCAGAACAACAG
TBP6 : GCTCT AG ATI-ACGTCGTCTTCCTGAATCCCT

The 5'primer includes A fG and ticoRl site to allow cloning into pcDNA3'1, and r':'Lr"1i5

consensus sequence and the 3' primer includes a stop codon and Xbal site to allow

cloning into pcDNA3.l. Resulting wild tlpe clones contain 36 and 37 polyQ coding

repeat;. To cieate the various repeat lengths the 5' primer above was used with a repeat

p.i*., ((cTG)20 and the 3' primer was used with a repeat primer (cAG)20 using wild

iype TBP36 as templateo then a subsequent annealing and PCR using these products and

both 5' and 3' outer primers created a range of sizes. To create the deletion mutant a

partial Pstl digest was performed on Xbal linearised TBP36 to generate a fragment

containing the 5' of TBPcDNA up to the Pstl site after repeats' This was then

recircularised by blunt cloning.
For further details see Reid et a|2003.

Ccntrrtentg tot tlcDNA3.'l i.l
l.l,j{i ||r f---lei:r:cF,

:i l*1'd tr !:: fl.v-r lEl lrr.:t;t::. )'i7 '1.:1t-:

-T pnl -r'.,:rIi- rllr, .:, .:.lf :r.19.-:',iit-i:i-i;::.r
r.'tt 1 1.le' l,frr'(l i.!? :iF."' lJii i' l -' l:'
r,;.tJ\i.11 1 BtJ- r:r*r- .:l r\itrlr-r s'ltF ftaF.ds' 1'-J7;'' ltr:t1

i i- j H lrrrt'r'::ile t t! l'--l:r: | | y'dil..f :d lr.-Fdi, t'i? i- \i 
=-t 
:t

j' 
t.,r r: r, l.."fsr:. l7''Jlj-'l:,'t':

-i.U,ll: citli irLill!1et arr.! i:l('lr :..]:r*i lii1':-;r-.1:'l
arE":tllt.. r Int,ts,lr:[]{ e .ierre , .i F"{: ::'1f4;i /' ' 'Il-i'f .!:-t

-(, l.;.1 :' E::t l., i.ri {;riier) rh1{it I i.{lr t.l [rd:dq .:. I t]','-'J7 j'l

:: r.l l.l :-: t /:; trl ;,.1;ps.,:;tr l i -.i.-'iri iL r-, r I' i.lr: t t F l l:il l\r -"lt;t':
F.rr': r lirl'r1i.*l.1llr: * qtt.lc l 

"lr'.J 

:' a't';'l': l1?-i-:4?iJ ctr
..j RF l*'19*r.,l,n) . :. ;9 ) l('.,.'r'4, Er'r e rllJl'/ :,tlr-l I r-l'

ft :'.rge-..rr"e li fr.lrllrl i.ltr.' [t.;t'.-f..::J[i-t-:;-:.j'l '-1]lll;Frrt! Ll"r :';r1d

,'t,,i trflif\rr1*t r rli.: ::.t:*.. :.t.ri-::J+.1 :(,rl 'llrhlrlcll:e11 9.1r.-rh-l

a

€) Invitrogen
liie technologles

(+),9 ; i; i*+is.i*;iii ii,

pcDNA3.l (+/-)
542t1/5427 bp
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Appendix II - Plasmids

Tau

Human full length Tau cDNA (AH005895) was amplified using primers below and
cloned into BamHI and Xbal sites of pcDNA3.l(+) (Invitrogen) and sequence
verification determined it was the 3RlN isotbrm of Tau.

Forwardprimer CGGGA'IC'Ci I' r,,, r I'|Q(}CTGC'TGAGCCCCGCCAGGA
Reverse primers CG'I'('TAGAGGGCCTGA f ('ACAAACCCTG

Restriction sites are shown in blue, ATG and stop codons in red, Kozaks in green.

(-)

Conllnents tor ucDNA'J.1 irl
5r,1.:'tl. ti u.. ltrr:x:c:-

l,-l l.rlU ;: rr: r1'f,: lE r [ir-r;rs.. i':lit-t! I'i
-T Irtr.r'!l:r. l.'llr'r.J t, lE 1.tt*!.d'ie3.{3ai.:'
r,f U 1 i.,lp r- l'rtrr r.-,1 airlr .'i..-li*:, ti*5- l:'l:'
::,..O\A,j I'Bt.>- .r:r:.r:;e .lt n-ttnrj f.itr l',-:rn l,J,r.l- ltr li.l

i (l H [rril,, :tlg t ti' L]:x': t r lHrl .-c 1.rr tl.::.rr-. I t-l;ia- I 7:-';'
-' 

1..r r-l rr !.*'19*:. li"i(';- I i;:'i.
-{i',r'.I:: eelli frlrlrl-t'rlt:t .lfd :if (lr , ::.:-ls/ia l;J l-},Jl,l

Ii!i;rr"','.t:r,ili''il#,:ffffi!, € l*yi*P"gPJ
.q.rl':;r., lirr 'c9.f,l+rrLe ('lf,ilts r,rirt:. :;a::*;4.::17-54ii-i i,..il -',;.eilr-tr:.:t'./ s.l/atil:

:l RF f..:r*-.;, -l,l.J? - i.itg.l' lr-.u'-''f, ert.: I lL-rt) :itle rij'
R ::dirrrt-* t, tr:lrrlt.:..tte L.l:r!.::Jt:.:i-si:;l.f ':..'illr:.tsr''F tt-; ..'..-trrtl:
,r:,i,1 iil,.rfltJtl-rt r:i . ::.tgri iri;'l-::J.ii :r-.U'.ri.,h:tlr:il:it', :-,1t.:trr. j

pcDNA3. l (+/-)
542tf/5427 bp
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Appendix II - Plasmids

GFPTaU

The 3R Tau from the pcDNA3.l Tau clone above was subcloned into BamHI and XbaI
sites of pEGFP-CI (Clontech).

pEGFP-Cl Vector I nfoniration

GenBanh Accaesbn F US5fEi

ftdrBl
l?i6ll

PTJ028-3

frb|og #ffX!4-l

lfll
, al,

f,nee I
rlllt

I rSBil

fco{? lll riur
{Xn | ;mrr

frrG I r'li.t'

iic$
rrXq''{tl

lllo I rrot;i

0rr lll,'or;i

r atP i.
IIBIISICT I]OAGN:

&Fl

Rc+lrelionlllprndlrlultieroCtoningSitl(t{C8}olpEGFP.Ct.,UrrleuFrr=t:'11):usler.rreirrrcrr::r ltretbrtuuJ
ticll:;ile'-':"i:fr:iDdlhrl;ttru trlfe[.i\id]ve*r'Jol!'i'l-t-lNil-'-tl t!,.:,J*'-.'tlq.lrtzr:il lttr.et:lcrt'.r,lltlhe34er,ltr]*t tttu
'|irlll||'ti!lt]!titllliliJtrl, l-l'ct:Filu:rfll{lirL:tn; l',JflJt}xrtrll.r.ft:rrtUt-l;r

FGFP.,BI
{.t lb $eo

pohA

ffirl
rfin:

232



Anpendix II - Plasmids

HMG

Full length human HMGBI cDNA (Accession number NP-002119) was cloned into the

pcDNAS.l(+) vector using the Hindlll (5') and EcoRI (3') restriction sites.

HMGS' = ATCTTAAGCTT' rC r. .-,' ,ATGGGCtuAAGGAGATCC

HMG3' = GGCGGAATTCTTATTCATCATCATCATG (TEV COMP}

HindIII and EcoRI site are indicated in blue, start and stop codons in red, and the Kozaks

consensus Sequence in green. Bold type indicates actual HMGBI sequence'

Ccnrttrerrtr lor t)cDHA3.1 {rl
:r'1,:'ti; | | ri.. lr.u:r:F!,

II['l',j ;; r'.jnx:lFt tir]*s. i/:l,/-i:'1,
I l.'nl.-l.:iiI ;J rlttr tJ i. 1ts. :i(-lsli. f't:i-ij"i.r
r"'U 1 p,b i [ru tl i,t'r. :]ili,.:i,li:+ir' l.: l:'
.:'.'.ll\i.:J l,Flla- r-.,.ir.]d .it lrittu.l !,liJ lt-i.l:. ILJiL' 't 't

i G H lrr', li rrr'te t t'i Ll:Y : ll adr-l -8'-c tt.--Fa"'' 11.17'l- I ;; l":,/

" t..r rl r' l."rst;. liJS- lri'ti
:,,.J.1 : C:t 1,, [r I'J I rl'r19 | .'t ff, j :t t ..lt' . ::r'tsti | ;,l l -;''J i-l
lrF::fl].r,..I ligFlrlll.E ilhriE -R; jl !;A9*.i;j" lt:''t'JJ'J
.ir\r.l"l *,nrli ;lri!.-Ller)yL:1r:.r'l irllr.l n*r'.lrs. lili''1-:17.!-l

::lJi.'i ::rx;irr :ia5,t:9,if:lt-':2':i :i.r:-'rl'i'F:llFllilr'/ €'lr.t 
"l

A.rt.:: r' lir|ci-.sJ.1llael-Jtllhlt'I:l :;r'l:ri'l:'"1',/-'^l'/'j:(t'-'.ri'Frr'll:'afi f'llAlr'-l

'.j RF r.-r:*,-,,,1.1 il7- :,,.rlt!) t(-.'r' -rlr e tl e r r1i t} i,tl i) t f, !'
E ::..rir:rre I' tf.l(rrJ --ilF,. lrEfFs. ::-J[t-l-:rJJ'l ':.::ll1: [ntl:1 I't 'i :'::ar'r:J:

l:Jl ;rrrrr't-r.r'klt trlj . ::.'l:i:* ir.l7i'::l.lj :t"tr''ii'l*rlr:ll:.+f? Flttlif l

(+)

(-)

O

|$ lnvitrogen
- late technologles

pcDNA3. I (+/-)
542t1/5427 lrP
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Appendix II - Plasmids

0GFP, 30GFP, 100GFP (pcDNA3 1(+1;

IO0GFP, 30GFP are within pcDNA3.l, these were constructed from a gifted (from Don
loves lab) clone carrying 100 CAG repeats (HDtagl00) within the eGFPNI vector.

100GFP and 30GFP
A NotI digest from eGFPNI vector into the Notl of pcDNA3.l. A HDTag containing
either 30 or 100 CAGs was already within these sites of the eGFPNI clone. The sequence
for the HDTag is below.
C^GGCCCCCCGCCACCATGGTGAGCAGCCA] ,.Tr-I .:AT.' ,i\TiJ.A.::CATAGCAGCGTACTAGTGGATC
AGCAGCAGCAGCAGCA"""":::::::1:::::::::::::::::AGCAG CAGCAGCAG

\-\t\tn r uuft\-u\r\r t \-\J\-\-A\-ufl r -,gr r'G...

ATG for HDtag in red, ATG prior to GFP in green (still exists) NotI site in blue, Green -
His tag, yellow: thrombin site

OGFP
Is cut from eGFPNI (Clontech, shown below) using BamHI / Notl digest into the same
sites in pcDNA3.l(+) (Invitrogen, shown on previous page)

pEG FP-l{ | Vector Info rmation

GenBan k Accessb n *U55762

PT3027-5

CatabS #OtXt$1

ta
cli?, rr

PorvA 
;EGFPJII gsS l,riur,

lryoll,',r(r;,
,Til |. ,rrt.

If,ll'r,r,:

irr:r.r,icclra f,;6 ear 1r:r.,rir,:rr,or,-. cril&j! cLieilli!1,-lljjl-4r,rra (i:.il!4gjuni^rinno oi. n.ro',.^fr
$rl e.4tlr lotll .n l 3irffilrl Erdl F$l 

ili|, .S1,, i. 
"f;,;, 

ldll A'tl
fdfir rit[-' -' rrrl

Fettn€tion Lrp lnd trultiplG Cloning Si!! lf,lc8i of pEGFP.t{t Voslor ,\t reCrrAur r{s r,roarrrre urrqre Ttn,runll
srlc fullortrs lh* [.l;]-F :lup r':.r1::rr. Ihe )t.b-r I ele r''r |5 nrellrvlrl,*r: rrr lle DNA ;ruvktr.J tiy B0 Biqsric| rer ilunlcch. ll'ros
lri5ll lu tirtEl lttF ?ec!tx lilr lhrs 4tur'l|E. $]u rrrl ilr.$l lo lf Jil:]:.rtn lftF {w{.cv iltlo r Cnrn ond rrllkr heslr DllA-
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A:ppend:ix II - Plasmids

CREB

pAA/rcMV-GrBb tcio During r^ab)

The Rat creb cDNA was Elo.ned into EaoRI and Xhol sitea of pAAV/,CMV-X-An (Duriog
Iab)

Plrsfildnrmrr pAAV/OMV-G'eU

Fk mld3lt: 6"gpl<b
conlttuetad by! eeila
@nrltue{lsn drb: 8re6

Ftgreb-gqn€ was isolated from pGEM-BZf
by EcoRlAlall dlgestion and clon-ed i,nto EcoRlDfid
otpMVleMV-X-An.

lilindlli
:Kpnl

EarnHl
B6tXl
EcoBl

.FAAVrgllYrcr.b BCH

6!34 Kb
aa!t, tgnn
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Appendix III - Statistical analysis

ApPENDIX III

Genotyping statistics and combined

brain bank quantitative data

Table 1. Basic descriptive statistics on TBP repeat length in Dataset A and B
Table 2. Pearson correlation coefficient (r) for Age of onset versus TBP allele length.
Table 3. Quantitative data generated in this thesis.
Table 4. Analysis of data in Table 3 for correlations
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Appendix III - Statistical anabtsis

Table l. Basic descriptive statistics on TBP repeat length in Dataset A and B

MethodA Disease * Control Disease Control
Both
Mean
Standard Eror
Median
Mode
Standard Deviation
Sample Variance
Kurtosis
Skewness
Range
Minimum
Maximum
Sum
Count

MethodB
Shorter
Mean
Standard Error
Median
Mode
Standard Deviation
Sample Variance
Kurtosis
Skewness
Range
Minimum
Maximum
Sum
Count

A+B A B
37.07 37.09 37.05
0.046 0.066 0.065
37 37 37
38 38 38
r.7I t.73 1.68
2.94 2.99 2.83
8.67 10.25 7.28
-2.23 -2.36 -2.r2
15 15 13

27 27 28
42 42 4l
51451 25515 24748
1388 688 668

Disease * Control
A+B A B
36.26 36.28 36.23
0.072 0.104 0.101
37 37 37
37 36 37
l.9l r.92 1.89
3.63 3.70 3.58
6.57 8.28 4.9r
-2.28 -2.49 -2.09
t2 12 11

27 27 28
39 39 39
2516t 12480 12681

694 344 350

A+B A
37.10 37 .15

0.066 0.096
38 38
38 38
t.74 1.76
3.02 3.10
9.28 I l.5l
-2.36 -2.62
t4 t4
27 27
4t 4l
25523 12558
688 338

B
37.04
0.092
a4JI

38
t.7 r
2.94
7.t6
-2.10
l3
28
4l
r2965
350

Disease
A+B A

36.29 36.35 36.24
0. 105 0.153 0.144
37 37 37
36 36 37
1.9-s t.99 1.9 _

3.79 3.98 3.63
7.00 8.93 5.1 -

-2.36 -2.60 -2.13
t2 12 ll
27 27 28
39 39 39
12485 6143 6342
344 169 t75

A+B A
37.04 37.42
0.064 0.091
37 37
38 38
1.69 1.70
2.87 2.88
8.1l 9.18
-2.11 -2.10
15 15

27 27
42 42
25928 12957
700 350

B
36.22
0.100
37
37
1.87
3.48
6.20
-2.2r
t2
27
39
t2676
3s0

B
37.M
0.090
37
38
r.69
2.86
7.16
-2.r2
l3
28
4l
12971
350

Control
A+B

36.21 36.22
0.140 0.142
36 37
36 37
1.86 1.88
3.44 3.54
7.81 4.89
-2.39 -2.06
t2 l1
27 28
39 39
6337 6339
r75 175
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Appendix III - Statistical analysis

Table I continued...

Method B Disease * Control Conbol
Lonser A+B A
Mean 37.88 37.89
Standard Error 0.037 0.053
Median 38 38
Mode 38 38
Standard Deviation 0.96 0.99
Sample Variance 0.93 0.98
Kurtosis 3.90 5.29
Skewness -0.12 -0.16
Range l0 10

Minimum 32 32
Maximum 42 42
Sum 26290 13035
Count 694 344

B A+B
37.87 37.90
0.050 0.053
38 38

38 38

0.94 0.98
0.87 0.96
2.2t 5.02
-0.08 -0.s3
69
35 32

4t 41

13255 r3038
350 344

B A+B
37.85 37.86
0.074 0.051
38 38
38 38
0.99 0.9s
0.97 0.90
z.tr 2.79
-0.16 0.32
67
3s 35
41 42
6623 13252
t75 350

B A+B
37 .04 37.04
0.09s 0.063
37 37
37 37
1.26 t.l1
1.59 1.37
3.46 2.93
- 1.59 -1.39
7.5 8

32.s 32
40 40
6482 t2964
r75 350

AB
37.83 37.90
0.076 0.467
38 38
38 38
1.01 0.88
r.Q2 0.78
3.08 2.3r
0.52 0.05
76
35 35
42 4L
6620 6632
r75 t75

Control
AB

37.02 37.06
0.089 0.088
37 37
37 37
1.18 l.16
1.40 1.35
2.53 3.50
-7.27 -t.52
7.5 7
32.5 32
40 39
6478 6485
175 175

A
37.96
0.075
38
38
0.97
0.94
8.65
-0.94
9

32
4l
6415
169

37.15
0.098
37.5
38
1.28
1.63

6.93
-2.07
8.5
3l
39.s
6279
169

Mahod C
Average
Mean
Standard Error
Median
Mode
Standard Deviation
Sample Variance
Kurtosis
Skewness
Range
Minimum
Maximum
Sum
Count

Disease * Control
A+B A B A+B
37 .07 37 .09 37 .05 37.10
0.046 0.066 0.065 0.068
37 37.5 37 37.s
37 37 37 37
r.22 t.23 r.2l 1.27
1.49 l.sl 1.46 1.61

4.t2 4.83 3.45 5.06
-r.62 -1.69 -1.56 -r.82
998e
31 31 32 3l
40 40 40 40
25725 12757 12968 12761
694 344 350 344

Disease
A
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Aopendt+ III - Stattstisal' gnalysi;s

Table 2, Pearson correlation coefllclent (r) for Age of onset versus TBP allele

Langth. Data fronr O"tft Ouarrt A and B has been un aotio"d fsr an age of onset eff'bct

""ris, 
the all og. gfup*, and whem zubrgro-upings afe creatod based on age qyd-I"

ranges; Note, *ftenir*fyris was perfor*"d-on Ci-*ia* sanrples ftornDatasel ^A only" the

largsst r va.lue w,ils 0.138.

Al[
10

td
3rd

4th

All
1s
Z*tot

3rd

4th

AD
AD
AD
AD
AD

Btatus
All
A.ll
All
Alr[
All

60-93
60-71
7L76
77-81
8249

60-93
60=7l
'72-76

77.81
82-93

60-93
6G,71

72-76
77-81
82-93

-0.0111
0.0121

-0.0030
-0.0383
0,1556

-0.0234
.0.M92
-0.091,r*

-0.0201
0.1450

0"0041

0.1154
-0.0605
-0.0581
0.1650

-0.0418
a.a27l

-0.0128
0"0033
0.145,1

.0.M19
4.0353
-0.1387
0.019.0
0.r206

-0.0391

0.1193
0.0893
0"0094
o.lvzr

Q,0431
-0.0084
0.0130

-0.1417
027s4

0.0004
-0.1036
-0.0055
-0.0843
0.2895

0.0918
0,1800
0.0396

-0-.1980
o.2644

694
r93
183

175
r43

344
r03
9l
84
81

c
e
c
c
c

All
1r{

zn
3rd

4th

350
90
e2
9T

62
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,4ppendix III - S'tatistioal analysis

Quantitatlve data collected from the Neurological Brain Bank samples

Many of the teehniques used throughout this research havo been applied to the same brain

La#"a-pt"s, and:quantitative da=ta produoed. Tissue from different storage regmes

(fresh ftozen .rersu* n*rA mouro) and different disease affeeted regis,ns (midtlle twlPgral

il; ior"* entorhinal cortelbippocampus) have been for each teehniquq nevertheless

ionrparisons of the quantifiod data wEre attempted.

Table 3 displays all quantitative data 
-co.llectd 

ih this thesis on eiroh bpi^n saqnle-. Detoils

of tissle typei follow: Filter assay data (Chapter Three) is collected from ftesh frozen

tissue ftom the entorhinal 
""rt"*/hippucurrrpor 

regioin. Immunohistoeherriis-tical data

(Chapter Four) is oollected from fixeilioreo ti*n r ftour middle ternporal gym$ sections'

butuloo tevels of the 29kDa band (Chapter Five) is collected fro,m the soluble co.r'tryonent

of the salne hornogsnates as the filter assay samples. Genot5ping data (Chapter.S-even) is

collected frorn genomic DNA sarnples &om fresh frozert ceretella tissue Extracdons'
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Apnendix III - Statistical analysis

Tabte 4. Correlation coefficients on accumulated information on brain bank subjects'

pearsons correlation coefficients were calculated for variables investigated. The Pearson r

value is shown, and to determine the significance of'this value a statistical website calculator

was used (http:/,facult)'.r'assar.edrr/lorviyich4apx.htnrl), based on the formula: t: r divided

bythesquare,ootor[t-.z;4N-z;1,Resuttingvalues1brt,thedegreesfreedomandanon-
directional p-value are shown. p 

"@
variable I
lnsoluble TBP
tnsoluble TBP
lnsoluble TBP
Insoluble TBP
Insoluble TBP
tnsoluble TBP
lnsoluble TBP
Insoluble Tau
Insoluble Tau
Insoluble Tau
Insoluble Tau
Insoluble Tau
Insoluble Tau
Insoluble 0A
lnsoluble BA
Insoluble FA
Insoluble 0A
Insoluble 0A
TBP tangles
TBP tangles
TBP tangles
TBP tangles
Tau tangles
Tau tangles
Tau tangles
Tau tangles

BA plaques

BA plaques

BA plaques

BA plaques
TBP 29kDa band
TBP 29kDa band
TBP 29kDa band
ApoE4 status

variable 2
TBP tangles
Tau tangles

BA plaques
TBP shorter allele
TBP longer allele
TBP 29kDa band
ApoE4 alleles
Tau tangles

BA plaques
TBP shorter allele
TBP longer allele
TBP 29kDa band
ApoE4 alleles

BA plaques
TBP shorter allele
TBP longer allele
TBP 29kDa band
ApoE4 alleles
TBP 29kDa band
TBP shorter allele
TBP longer allele
ApoE4 alleles
TBP 29kDa band
TBP shorter allele
TBP longer allele
ApoE4 alleles
TBP 29kDa band
TBP shorter allele
TBP longer allele
ApoE4 alleles
TBP shorter allele
TBP longer allele
ApoE4 alleles
TBP shorter allele

r
-0.079
0.564
0.309
0.125
-0.008
-0.032
0.0571
0.416
0.1 36
0.090
0.300
-0.425
0.230
0.581
0.266
0.209
-0.206
-0.115
-0.148
-0.233
0.1 89

0.1 94
-0.131

0.417
0.333
-0.267
-0.152
0.1 59
-0.022
0.147
-0.437
-0.407
0.27s
-0.101
-0.253

t
-0.247

2.t6
r.027
0.418
-0.027
-0.096
0.189
1.447
0.434
0.3
1.043
-1.407

0.784
2.257
0.915
0.709
-0.632
-0.384
-0.449
-0.758
0.609
0.625
-0.396
L451
l.l17
-0.876
-0.461
0.509
-0.07
0.47
-1.458
-t.337
0.858
-0.337
-0.867

P value
0.809
0.056
0.328
0.684
0.979
0s24
0.853
0.1 78
0.673
0.769
0.319
0.192
0.449
0.048
0.379
0.493
0.542
0.708
0.664
0.466
0.556
0.546
0.701

0.177
0.29
0.402
0.655
0.62r
0.945
0.648
0.178
0.2r4
0.413
-0.742
0.401

df
l0
10

10

ll
11

9

ll
l0
l0
1l
ll
9

ll
l0
l1
1l
9

l1
9

l0
l0
l0
9

l0
10

10
9

l0
10

t0
9
9
9
1l
1lTBP allele
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APPENDIX IV

Publications arising from this

thesis research

Reid, S. J., Van Roon-Mom, W- M', Wood' P' C', Rees, M' I" Owen' M' J'' Faull'

R. L., Dragrrnow, M. and snell, R. G. (2004) TBP, a polyglutamine tract

containing protein, accumulates in Alzheinler's disease. Brain Res Mol Brain Res'

125, 120-8.
o All work in this publication arises from this thesis research

Reid, S. J., Rees, M. I., van Roon-Mom, W. M', Jones, A' L', MacDonald' M' E"

Sutherland, G., During, M. J., Faull' R. L', Orven, M' J', Dragunow' M' Td S-1ell'

R. G. (2003) Molecrilar investigation of rBP allele length: a SCAIT cellular

model and population study. Neurobiol Dis. 13,37-45'
. Only the filter retardation assay component of this publication arises from

this thesis

van Roon-Mom, W. M., Reid, S. J', Jones, A' L', MacDonald, M' E'' Faull' R' L'

and Snell, R. G. (2002) tnsoluble TATA-binding protein accumulation in

Huntington's disease cortex. Brain Res Mol Brain Res. 109, 1-10.

o Only the filter retardation assay component of this publication arises from

work perfornred in this thesis

2.

3.
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l. Introducfion

AD is typified by protein cleavage, protein mis-folding

and protein accumulation resulting in the abnormal depo-

sition of pA plaques and NFTs throughout the brain

[.11]. The major reported component of NFTs is filamen-

iout uggt"gut"s of hyper-phosphorylated Tau protein' AD

is chiefly observed as an apparently sporadic disorder.

+ Corresponding author. Depanmert of Pharmacology, Medical and

Health Sciences Campus. University of Auckland Auckland' New Zealand'

Tel.: +64-9-92 | -27'16; fax: +64-9'17l-2151 .
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however sorne familial cases are caused by mutatlons ln

genes associated with the processing of [rA and its

ir...,rror, the amyloid precursor protein [7' 13' 19'2]l'

individuals that are hererozygous or homozygous for the

apolipoprotein E4 allele are at a substantially greater risk

oi a.u"toping AD, although the mechanism is not fully

understood [3]. Mutations within the Tau gene cause an

inherited frontal temporal dementia (FDTP-I7) [ll]' with

paired helical filament accumulation within neurons or

NFTs sirnilar to AD, however Tau mutations have not

been observed in AD' The neuropathology of familial and

sporadic AD cases is at present indistinguishable, therefore

neuropathological or genetic markers that can differentiate
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Alzheimer,s disease (AD) is characrerised by extra ceuular 1t-arnyloid ([tA) deposition, Tau-containing neurotibrillary tangles (NFTs) and

progressive cortical atrophy. Abnormal protein accunrulation is also a common feature of other late onset neurodegenerative diseases'

including the heritable polyglutamine (polye) disorders such as Huntinglon disease (HD) and the spinocerebellar ataxias (SCAs)' one of this

family of disorders. SCA17, is caused by an expansion of a polyrnorphic polyQ repeat in TATA binding protein (TBP)' an essential

rranscription factor. Surpnsingly. the wild type TBP repeat l.ngih rang"i lronr 25 to 42. and in caucasian populations the most cornmon

allele is 3g. a size large enough to cause tID if within trre nuntingrin protein. wild type length TBP accumulates in HD and in at least some of

the SCAs, and consequently we hyporhesised that it may contributc to ao. Hcre we prouid. evidence that TBP accunulates in AD brain'

localising to neurofibnllary tangle structures. A proportion of rBp presenr in AD brain is insoluble; a signature of the polyQ diseases' TBP is

present diflerentially between patients and its amount and distribution is nor directty proportional to that of rau or p-amyloid positive

structrres. we present rhis as evidence lor the hypothesis thar rhe accumulation or mistblding of this polyQ containing protein may be a

contributing factor in Alzheimer's disease'
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cases rnay provide important clues to the underlying

disease mechanisms'
The accumulation of insoluble protein deposits within

specifrc regions of the brain is a common feature of late

onset neurodegenerative disorders. One family of these

disorders is the dominantly inherited polyQ diseases. These

are caused by trinucleotide CAG repeat expansions, leading

to pathogenic glutamine tracts in the respective proteins (for

revieq see Rc-l'. l1l). TBP, a nuclear protein required for the

correct initiation of transcription by all RNA polymerases

[ 7], contains a relatively long polymorphic polyQ coding

repeat (CAG and CAA codons). The most common TBP

allele in Cauoasian populations contains 38 repeats Itt<].

longer than the disease threshold if within other known

polyQ disease associated proteins. PolyQ expansions within

the TBP gene cause SCAl7, a recently described late onset

neurodegenerative disease. SCAI 7-associated TBP alleles

with as few as 43 repeats have been reported [2-]l' In

addition, wild type TBP has been shown by our group

and others. to accumulate within HD brain [10-26] as well as

in SCA l, 2 and 3 brains [2-il.
Max Perutz proposed that disease length polyQ tracts may

form stable anti-parallel p-pleated sheet stnrctures I l6l and

indeed, we and others have reported amyloid-like inclusions

in HD brain I lU. lll, suggesting at least a pathological and

potentially a tnechanistic parallel between polyQ and amy-

ioid-associated diseases like AD. The increased rate of
aggregation of longer polyQ peptides [1]l and the disease

association of BA mutations accelerating anryloid formation

and disease progression [-il hint at a common mechanisnt'

We have previously demonstrated that expansions within the

polyQ tract of TBP result in accumulation of the protein like

the other polyQ disease proteins [18]. With these similarities

in mind we set out to investigate the possibility that TBP may

have a role in AD. We describe here immunohistochemical

and protein studies that reveal initial evidence for the

potential involvement of TBP in AD.

2. Materials and methods

2.1, Human tissue samPles

Human brain tissue for the studies described here was

obtained from the New Zealand Neurological Foundation

Human Brain Bank (Department of Anatomy, University of
Auckland). Confols consisted of seven neurologically nor-

mal cases (five males and two females) aged 62 to 83 years

(average 73.3 yean), with post mortem (PM) delays of
8-19 h (average PM 12.7 h). AD samples consisted of l3
pathologically and CERAD (Consortium to Establish a

Registry for Alzheimer's Disease) [3t{l confirmed cases

(seven males, six fenrales) aged 60 83 years (average

72.6 years), with PM delays of 3-34 h (average PM l5'7

h). The University of Auckland Human Subjects Ethics

Committee approved all protocols used'

2.2. Antibodies used

Anti-TBP; pTBP: polyclonal rabbit anti TFIID' sc-204

and its blocking peptide sc-204P; fTBP : polyclonal rabbit

TFIID. #sc-273, both from Santa Cruz Biotechnology'

(California, USA). Anti-Tau; pTau. polyclonal rabbit

40024 from Dako, Denmark' Antlbeta amyloid; mBA'

monoclonal mouse mabl56l from Chemicon (Califomia'

USA). Anti p-actin: monoclonal mouse #AC-15 from

AbCam (Cambridge, UK). Secondary antibodies were:

rHRP. goat anti-rabbit horseradish peroxidase, sc-2004 from

Santa Cruz; rBIO, sheep anti-rabbit biotinylated 984135010;

mBtO, sheep anti-mouse biotinylated, 985033020, from Se-

lenius. Australia. Flourescent secondaries were: TTEXRED'

anti-rabbit texas red, 611709127 (Rockland, PA' USA) and

rFlTC. anti-rabbit FITC F9887 (Sigma' MO' USA)' The

tertiary antibody for DAB labelling was StreptAvidin-bio-

tinylaied horseradish peroxidase complex (EAP), RPNl05

(Amersham, UK).

2.3. Filter relardatictn assaY

Frcsh frozen brain samples were processed as previously

described [16l using 150 mg tissue from the hippocampus/

entorhinal'cortex region of each brain' The filter trapped

protein on cellulose acetate membrane was incubated with

prinrary antibody (mBA l:4000, rTau l:15000 or pTBP

f :2O0Ol foltowed by HRP conjugated antibody, and chemi-

illuntinescent detection (ECL Plus. Amenham, Buckingham-

shire, UK). The filter retardation assay capftlres insoluble

protein; however the subsequent antibody detection is ofthe

Lpitope-available (soluble) portion of the insoluble protein'

2. 4. Immwto h istoc hemistry

lJrains were fixed, cryoprotected. frozen and sectioned as

described previously [?tr]. All sections were cut at 50 uM'

except fortasal ganglia sections, which were cut at 80 uM'

DAd immunohistochemistry was performed as previously

described [26]' Sections for pA detection were treated for 3

nrin in 95% formic acid for antigen retrieval' Prirnary anti-

bodies were pTBP at I:500. pTau at l:3000, or mpA at

l:1000. Control sections had primary and/or secondary

antibodies omitted. The numbers of TBP, Tau and pA

structures were quantified by counting immunopositive

structures within l8 mm2 of she corresponding cortex' Serial

sections ofcortical regions were used for each antibody' To

detennine specificity of the immuno-positive structures'

pTBP antibody was pre-incubated with 0, 2'5 and 100 fold

e*res, of its antigen (sc-204P) prior to addition to sections'

For fluorescent double labelling srudies, Tau and TBP

antibodies were both rabbit polyclonals, therefore stringent

PBS-triton wash steps were carried out' MTG sections were

incubated in pTBP l:250 for 3 days' washed, incubated in

rFITC l:75 ovemight, washed. and incubated in pTau

l:2000 for 2 days. Sections were then washed and incubated
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in TTEXRED at l:50 overnight, washed' mounted and

coverslipped in CitiFlour. Controls to ensure specific rFITC

labelling of TBP and TTEXRED labelling of Tau included

single primaries with single secondaries, no primary and/or

no secondaries, and all combinations of primary with both

secondaries sequentially. A double labelled section was also

stained in 0.2oh Hoechst (M33258) to identify nuclei'

Flourescent labelling was visualised by Contbcal laser

scanning microscopy (Biomedical Imaging Unit' University

of Auckland).
For double labelting of TBP and $-amyloid, the pTBP

and mBA antibodies were co-incubated for three nigltts.

followed by secondary and tertiary incubations steps for

pTBP, using nickel-DAB for detection' After washes in

TBST, the secondary and tertiary incubations for mpA were

carried out, allowing the DAB incubation to proceed for 5

min only. Sections were also incubated with single antibody

combinations as controls. formic acid antigen retrieval was

omitted from double labelled sections to allow TBP staining

to be readily detected alongside the abundant pA staining'

2.5. I(estem analy5is

Total prote in homogenates were prepared by grinding 100

mg of fresh frozen middle temporal cortex tissue in 500 ul of

homogenisation buffer (same buffer as filter retardation

assay: 150 mM sucrose, 15 mM Hepes pH 7.9,60 mM

KCL, 5 mM EDTA, I mM EGTA, plus proteinase inhibitors

(Complete Mini, Roche Diagnostics, NZ). Triton-X 100 was

added to I%, mixed, and incubated on ice for I h' Homoge-

nates were quantified by Bio-Rad Protein assay (BioRad

Laborotory, CA. USA) and 30 ug total protein in I x laeme lli
buffer (Sigma) was heat denarured for 5 min at 95 'C' and

resolved on standard l0% SDS-PAGE gels. Proteins were

transfened to PVDF membranes (Millipore. Bedford' MA)'
blocked in 5% nrilk powder in TBST and incubated in pTBP

at l:2000 for 2 h. Washed membranes were then incubated

with rabbit horseradish peroxidase (HRP) conjugated sec-

ondary antibody (Santa Cruz. Santa Cruz, CA), at l:5000 tbr

I h, and detected by chemiluminescence (ECL Plus)' All
incubations were at room temperature. Control TBP proteln

was prepared by transfection of a wild type full length human

TBP construct (TBP36) into Neuro-2a cells (ATCC Number

CCL- l3 I ) as described in Rcl. Il ti]. Approximately 3 ug total

protein harvested in I x laemelli buffer from TBP36 trans-

fected cells was loaded per well' To determine if the TBP

positive bands seen were specific, pTBP was pre-incubated at

4 'C ovemight with a 100 fold excess of its peptide in TBST

prior to membrane incubation. The positive control pTBP (no

peptide) was also incubated at 4 oC ovemight in TBST prior

to membrane incubation.
For Western analysis of supematant samples fronr ento-

rhinal cortex tissue. samples were prepared as above. with

the exception that after incubation on ice with Triton,

samples were spun at 20,000 x g for l0 min and the

supematant collected for PAGE analysis. After pTBP de-

tection, membranes were stripped in 62'5 mM Tris pH 8'0'

2.5o,6 SDS, l.2t/ovlv p-mercaptoethanol for 30 min at 55 "C'

thoroughly washed and then re-probed with the [3-actin

antibody ( l:5000) as a loading control'

2.6. Genotl'Ping

To determine the TBP and ApoE genotypic states in our

brain samples, DNA was exfiacted fronr 200 mg cerebellar

tissuc as described previously il ll' TBP alleles were deter-

mined by standard PCR protocols using primgn [20] and

cycling conditions [26] previously reported' ,Reactions
contuinea 200 uM of each dNTB 15 pmol primer' l0%

DMSO and 2.5 units polymerase (Expand Hi-Fi' Roche)'

Products were analysed on a 3100 Genetic Analyser and

fragrnent lengths calculated using Genotyper software (Ap-

ptiiA eiosyitems, Melbourne, Australia)' Intemal size

standards (GSROX400) and repeat length controls were

included to confirm base calling accuracy' In addition' to

allow haplorype analysis. TBP alleles were separated by

electrophoresit 1Nusi"u. gels. BMA, ME, USA) and gel

extract;d for direct sequencing on an ABI 3100 Genetic

Analyser (Applied Biosystems' CA, USA)' ApoE prirners

used- were: 5'-TCGGAACTGGAGGAACAACT-3' (for-

ward) and 5'-ACTGCCCATCTCCTCCATC-3' (reverse)'

ApoE alleles were gel extracted for direct sequencing on

an ABI 3100 Genetic Analyser (Applied Biosystems)'

3. Results

-1. L Aberranl TBP associates tvith neurofibrillary structures

in AD hrain

Initial imrnunohistochemical studies of TBP were under-

taken within middle temporal gyrus (MTG) of AD and

control brain sanrples. A polyclonal TBP antibody (pTBP)

revealed abundant disease specific staining within cortical

regions of MTC sections (Figs. lA D)' Structures resemble

tf,I tau positive staining seen in AD tissue l8l' Staining of

tangles was very dark and frbrillar in most neurons with no

nuc-leus visible within 50 um sections (Figs' lA'D)' In

addition, pale, granular, cytoplasmic TBP staining was evi-

clent in some neurons with intact nuclei which may represent

early tangles (Fig. lC). A proportion of neuropil threads and

dystophic neurites are also TBP positive (Fig' lB)' pA-

.ontaining senile plaque stnicturcs were not TBP immuno-

positive, despite attempting formic acid treatment' although

iBR positive dystrophic neurites within plaques were seen

within pTBP/mpR double labelled sections lFig' 1)' Nuclear

TBP staining is not evident in disease or control tissue at the

antibody concentration used. However. we have detected

nuclear TBP in brain biopsy samples (data not shown) and

in cell culture overexpression and basal studies using the

same antibody llXl. Confirmation that staining was specifirc

was achieved by complete blocking of the TBP immuno-
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laser scanning microscopy on MTG sections (Figs. lc h).

Most immunopositive tangles were positive for both TBP
and Tau and lacked a visible nucleus. In these tangles both
proteins exhibit an identical staining pattem, indicating co-

localisation tl:igs. 1,.-.f). A small number of tangles

exhibited differential labelling of TBP and Tau (Figs,

lg.lrr. In these apparently early stage tangles, punctate

cytoplasrnic or perinuclear TBP labelling surrounded the

nucL'us with little or no co-localisation with Tau labelling.
The control labelling samples confirmed that there was no

cross reactivity between unmatched antibody combinations
in thL' structures identified.

J.2. Soluble TBP in AD brain

Ulestern analysis of total protein homogenates fronr
disease and control brain middle temporal gyrus (MTC)
revealed the presence of two TBP immunopositive bands. A
42 kDa band is present in all samples we have examined

tFig -1 1. including controls. Mamrnalian cells overexpress-

ing u,ild type human TBP also produce a 42 kDa TBP
positive band 1Fig. -i1. Full length human TBP is predicted
to nrigrate at37.7 kDa, but as previously observed [18], it
appears to be incompletely denatured in our gel conditions.
ln addition. a shorter band (29 kDa) was detected in at least

a

a\
ta

,$1,'
a

r y\,

{n

a

nr- '3 l"

!'ig. l. TBP and Tau imrnuno-positive sruch.rres in AD brain. (A - D): TBP
positive labelling detecled by DAB (brown). (Aldense TBP labr.lling of a
pyramidal neuron with no apparenr nucleus. (B) ncuritic thread. (C)

cytoplasmic labelling ofa potcntially viahle neuron. (D) extracellular larc

snge tangle. Countenitained cell nuclei appear blue. Scale bar: l0 uN4.

(E-F) Conlbcal inraging to shou' co-localisation of (E) FITC (grcen)

labelled TBP and (F) Texas Red (red) labelled Tau rvirhin the same

neurolibrillary tangle from MTG cortex. (C Hl: (C) Differential local-
isation of TBP (green) and Tau (red) in relarion ro rhc Hoechsr suined
nucleus (blue). (H) A lower optical slice of the same tangle showing TBP
surrounding the nucleus. Scale bar (E-H)= 8 uM.

positive structures following pre-incubation of the pTBP
antibody with its antigenic peptide (sc-204p). In addition.
another TBP antibody (fTBP) also dctected these neurofibril-
lary tangle structures. albeit less efficiently (data not shown).

The distribution of TBP and Tau within tangles was
observed by fluorescent double labelling using confocal

,g'
.

't,r sT ,*
:' ',!-

Fig. ), TBP/p-amyloid double labelling in AD brain. Double labelling with
pTBI' and m{}A in AD rniddle temporal gyrus shon TBP positive (Nickel

DAU black) dystrophic neuritis, indicated by an arow within a PA
plaque (DAB-brown). Counterstained cell nuclei appear blue. Scale

bar 35 uM.

E
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Fig. 3. pTBP in disease and control homogenates. 30 ug of tonl protein frorn the rniddle rernporal gyrus of six disease (A6, .49, Al0. A8. A5, Al5) and two

control (C4, Cl) brains was resolved on a l0% PAGE gel as described in merhods. Disease brain samples were loaded in order of increasing post-rnonem (PM)

delay (refer'lablr' l). Lysates from Neuro2a cells tr-ansfected wilh human wild type TBP expressing vectors u'ere loaded for comparison (TBP36). Fihn was

exposed for 2.5 min. Protein sizes are indicated to the lefl in kilodaltons.

nryo of the MTG samples. The specificity of these bands was
confirmed by cornplete blocking of both TBP imrnuno-
positive bands following pre-incubation of the pTBP anti-
body with its antigenic peptide, sc-204p (Fis. 4). The
disease samples in Fig. 3 were loaded in order of increasing
post mortem delay, ranging fronr 3 to 2l h lTablc 11. The
membrane was stripped and reprobed with [}-actin as a
loading control (data not shown), showing that the amount
of full length (42 kDa) soluble TBP in controls compared to
disease samples, or across PM delay of the disease samples.
was not greatly altered.

In order to examine the presence of the smaller TBP
immunopositive band in a greater number of samples, all
available supematants from entorhinal cortex homogenates
were examined. In these samples the 42 kDa TBP band was
less abundant, and showed some size variation (Fig. 5,\).
Levels of the 29 kDa TBP positive band are highly variable
across supematant samples, low levels were seen in lnost
control and some disease samples, with high levels seen in
disease samples A'3, A4, A5. z\8, A9, All, Al2 (Frg. 5,\t.

l. AE A5

00-

50. cal
40. o-

30..4

S.J. Reid et nl. / lvlolecular Brain Reseunh I2-1 (2004) I20-128

.. . Increesing PM delay. . . . . . . . .>l
A6 A9 Ato A8 As Ar5 C4 Cl TBP36

Comparison with levels of p-actin confirmed that the high
mobility TBP band is many times more abundant in some

disease samples than it is in control samples (Fig. 5B).

Comparison of levels with the total homogenate samples

from MTG (Fig. -1 I indicates that this band is more abundant

in the entorhinal cortex supernatants. Brain tissue samples

carrying increased levels of this 29 kDa band were from
subjects spanning the whole range of clinical and genetic

attributes (Tablc l).

3.3. Detergent insoluble TBP in AD brain

To investigate detergent insolubility of TBB Tau and BA
rvithin AD brain, we used the filter retardation assay to
analyse samples from the hippocampus region of AD and

control brains (Fig. 6). Detergent insoluble TBP was

detected at various levels in l0 of the l3 disease hippocam-
pus samples, and was not evident in controls. As expected

flll, insoluble [tA was detected in all AD samples and at

low levels in three of the controls. lnsoluble Tau was also

detected in disease samples, displaying more relative vari-
abiliry in levels than pA and was absent in controls.
Interestingly, TBP levels were variable in disease samples

and did not directly correlate with relative levels of Tau or

llA. All of the AD samples contained detectable SDS
insoluble pA, Tau or both.

3.4. Relative frequency of TBP structures

Relative frequencies of TBP and Tau structures were

conpared in immediately adjacent sections of MTG from l2
disease and five control brains. TBP and Tau immuno-
positive tangles were prcsent in all disease sections, with
an overall average of 4.8 and 21.8 tangles per mm2 of
disease cortex respectively (Tabk' l). One case (A3)
contained more TBP positive tangles than Tau positive

tangles. The ratio of TBP to Tau tangles ranged from
0.022 to 1.64 (average ratio 0.29). indicating that as in the

filter fap results, levels of TBP are not directly related to

those of Tau. There was no conelation between the fre-
quency of Tau tangles and the frequency of TBP tangles

c1A5A8c1

poF,tide plus PTBP PTBP

Fig. 4. TBP antibody specificity. Westem analysis of TBP in rotal
homogenates of middle temporal gyrus tissue liorn two disea;e (A8. 45)
and one conml (Cl) brain. pTBP was pre-incubated with its blocking
peptide (peptide plus pTBP) or in TBST only (pTBP) prior to incubation
with membrane as described in methods. Film wa-s exposed for 2.5 min.

Protein ladder (M) sizes are indicared in kilodaltons.
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Table I

Quantification of TBP, tau and Bera arnyloid immunopositive srrucnrres in Alzheimer's middle ternporal gyrus sections

Brain TBP positive Tau positire llA positive TBP/Tau ApoE alleles TBP alleles

tangles tangles plaques ratio

smrcures per lnm-

Sex Age at

death

PM
delay (h)

F 71 10.5

M 80 5.5
F 7{ 1

F 74 18

M607
F723
M7347
M7412
M 80 2l
M6520
M834
F7620
F6134
F8314
M8lI
M 62 ll
M 7-1 13

F729
M 68 19

M 74 15.5

A3
Al0
A6
AE

Al2
A2
A4
All
Al5
A7
A9
A5
AI
c5
c4
c2
c6
C7
cr
c3

13.2

r3.0
10.9

t0.3

??
t-t
1.4

1.0

0.8

o.'l
0.3

NA
0.1

0.0

0.0

0.0

0.0
NA
NA

8.1

3 1.0

34.0
29.6

27.0

8.0

23.5

22.6

8.4

37.9

2t.6

NA
0.1

0.1

0.0

0.0

0.0
NA
NA

{f n

it4.3

67.0

40.8

58.1
;t9.6

lrt.6
t9.0
?5.6

6 1.8

35.2
t49.6
NA
10.0

44.7

5.1

16.9

NA
NA

t.64
0.42

0.32
0.35

0.09

0.2e
0.07

0.06

0. l2
0.02

0.03
0.03

NA
I

0

NA
NA

l

3
A

-t

I
,t

l

3

l
l
3
1

3

3

3

nd
J

A

3

4

+
.{

J

-1

l
.l

2

J

4

J

)

5I JZ

38 36

38 37

l9 36

40 38

38 -17

37 36

37 36

,18 16

38 38

36 34
)I tl

38 37
I I JO

41 39

38 3'1

l8 37

5 I -1tt

38 36
s I sz

Dau is presented in decreasing order ofltequency ofTBP tangles. ApoE4 and TBP alleles, sex, age at death and post monenr delay data for each brain bank

sample is shown (as described in Materials and nrelhods ), Three samples ( A I . C I and Cl ) were unavailable (NA ) for immunohistochenristical studies, thereforc

for these brains only data generaled ftom fresh frozen tissue is presenred- nd = nor deremtined.

" Indicates longer (a) and shorter (D) TBP allele.

(correlation coefficient 0.21). TBP positive neurites were
clearly present in seven of the disease brain sections, but
always at less than I per mm?, making them much less

abundant than Tau positive neurites (>200 per mm2 in all
disease sections). Interestingly" two of the oldest controls
contained a few Tau tangles (0. I per mm2), and one of these.

the oldest in our group (83 yean), contained a small nunrber
of TBP positive tangles (0.1 per mm2). A third a jacent
MTG section from each brain was used to quantiry []A
plaques (Table l). All disease brains contained abundant
ptaques (average 53 per mm?), and while all control brains
contained amyloid deposits (average | 5 per mm:). these

were diffi.rse rather than the dense senile plaque structures
associated with AD.

Additionally, immunohistochemistry was perfbrmed
throughout disease associated regions in sections from

AA3

40- l'
pTBP

A4 A5 A6 A7 A8 Cl C2 C3

-

three disease (A6, All, Al2) and two control (C6, C7)
brains. The caudate nucleus and cerebellum, both regions

involved in polyglutamine disease pathology but relatively
spared in AD, were also examined. TBP positive intra-
nuclear inclusions have been reported in the cerebellum,
basal ganglia and cortex of SCAIT patients [6.15]. Data
were again collected on immediately adjacent sections to
compare the relative levels of TBP and Tau. TBP tangle
structures occurred throughout cortical regions of AD
brain (Tablc l) and were not detected in any region of
the two controls (data not shown). The regions with the

highest number of TBP tangles differed between each

brain (Table' 2). Brain 4.6 had significantly more TBP
tangles in the inferior temporal gyrus than any other
region investigated (p values all below 0.00016), and

brain All had more TBP tangles within the insular cortex

A9 A10 All Al2 Als C4 C5 C6 C7

b-F-

-r#i.<-1

so-trr.D +
B

F,Adln
.f0-

Fig. 5. Relative levels ofthe high nrobility TBP band. Western analysis ofTBP in thc supematant ofhomogenates from entorhinal concx dssue from I I disease

(A3-A8, A9-A12, Al5) and seven control (Cl-C3, C4-C7) brains. A toral ol'J0 ug of total protein was resolved on a l0olo PAGE gei and membranes

probed with (A) pTBP and then (B) P-actin as described in rnethods. Protein sizes are indicatcd on the lefl in kilodaltons.
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Tau

ADr-a ADg.rg Cr-t ADr+ AD*rs Cr-z

-lr

t' fo-

f- l- l.t-
a-

l-
Fig. 6. Detergent insoluble proteins in AD brain. Detergent insoluble prorein in hippocampus tissue from l3 disease and seven control brains was detected by

ti-amyloid. Tatr and TBP antibodies in three rcplicate blots. Samples are boiled overnight in l0% SDS and insoluble proteins trapped on a cellulose acetate

nrentbrane by vacuurn filtration. Exposure times after chemi-illuminescent detcction ranged frorn I to l0 s. Black dashes indicate sample position.

J
t

t
I
o

B-Amyloid

ADr.a AD+t Cr-z

a- r-
l- .-
O- .-
r- l-
l- l- i-
o-
l-

Table 2

Quantilication oITBP and tau irnmunopositive tangles throughout regions of Alzheimer's disease brain

TBP

l-
f
t-

than any other region (p values all below 0.000001).
Brain Al2 contained the most TBP tangles within the
middle frontal gyrus section however, compared to the
superior and inferior temporal gyri and parietal cortex,
numbers were not significantly higher. In all three brains,
the number of TBP tangles in the hippocampus was
relatively loq whilst Tau tangles in the hippocampus
were abundant, again differentiating between Tau and
TBP. No abnormal TBP positive structures were noted
in the cerebellum or caudate nucleus.

3.5. TBP and ApoE alleles

To determine whether expansions within the poly-
morphic polyglutamine ract within TBP are associated
with the abnormal distribution of TBP within our | 3 AD

brain samples, both TBP alleles were sequenced. Eight

difIerent haplotypes within the polyQ coding region were
seen, differing in the nunlber of pure CAG repeats as

follows: CAG3 CAA3 CAGlporymorphic .q-ur CAA CAG
CAA CAc(porymorphic rs-:1 CAA CAG. All repeats in
these brain samples were between 32 and 4l units in
length {Tablc lt, falling within the established norrnal
population range [9.1t{.2{)]. The average repeat length for
the disease brains was 37.00, and the control group was

37.07. No significant differences in average TBP allele
lengths between disease and control brains were revealed
(t-test result:0.91). No clear relationship exists between

TBP repeat length and frequency of TBP tangles in the

brain samples within this study (Tablc l). No association

between ApoE allele starus and the frequency of TBP

tangles was apparent tTablc l).

Antibody Immunopositive tangles per square mm throughout AD brain

MTG STC CBCNlNsHPPC

A6
A6
All
All
Al2
Al2

TBP
tau

TBP
tau

TBP
tau

t0.9
34.0

t!.o
2.3

27.0

7.3

t.-1
AA

-i.8
26.7

t9.7
36. l

1.8

t3.7

-1 -O

24.7

5.6 2.0

16.7 4.0

0..1 0. I

.t.e 5.5

5.5 2.1

t9.s t9

2.9 5.7 0 0

2?.9 9.8 0.4 0

r.l 6.8 0 NA
34.5 I2-8 0 NA
0.8000

25.7 33.2 0.3 0

MTG, STC. ITG=middle, superior and inferior temporal gyrus. MFG:rniddlc frontal gyrus. PC=parieml association cortex, HP=hippocampus,

INS: insular cortex. CN = caudate nucleus, CB = cerebellum. NA = rissue not available.
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4, Discussion

AD is a multigenic broad spectrum disorder, and al-
though the genetic basis of some farnilial cases is known,
little is understood of the more prevalent, late onset disease.

The phenomenological association of insoluble protein and
late onset neurodegenerative disorders has been proposc'd

for some time. Because of the high population frequency of
very long polyQ repeats within the normal TBP protein, its
involvement in other polyQ disorders and the emerging
similarities of protein mis-folding diseases we set out to
determine if aberrant TBP is present in AD brain. lndeed.
we have demonstrated that detergent insoluble TBP is
readily detected in AD brain homogenates. Our immuno-
histochemical data show that TBP accumulates in NFTs
differentially with respect to both Tau and BA positive
structures, and is variable between patients. Also, the
location of TBP deposition is relatively abundant in AD
disease associated regions and is not confined to regions
where the disease proteins accumulate in the polyQ disor-
ders. TBP and Tau co-localise in most tangles srudied,
however, in what appear to be early stage tangte, punctuate

TBP inclusions were distributed around the nucleus and not

co-localised with Tau. These TBP inclusions were reminis-
cent of that seen within mammalian cells expressing ex-
panded TBP proteins ll8l. Westem analysis of soluble
proteins display a rapidly migrating form of TBP present

at high levels in some disease brains. This may be a

tmncated version of TBP; the epitope of pTBP is at the

N-terminus indicating C-terminal cleavage may be occur-
ring. Altematively, this smaller product may be the result of
a conformational change causing a rapid migration through
the gel. Further shrdies will establish the nature of this
product. Notably, levels of this more rapidly migrating fonn
of TBP vary widely across sarnples; very high in some

disease cases and low in others. and low in all control
samples examined. A relationship between the presence of
this band and filter assay or immunohistochemistry results
or genetic/clinical data was not observed.

No evidence for an association beween TBP repeat
length and TBP accumulation was detected in our sanr-
ples. However, all samples carry at least one allele of 36
repeats or longer. Previous work revealed that 83% of the

Caucasian population carry at least one TBP allele of 36
repeats or longer IlS]. Some polyQ diseases manifest with
a repeat as low as 36 (HD, SCA2. SCA6, SCAT).
Intriguingly, a large genome scan study of AD t'amilies

[1] reported suggestive linkage with marker D6Sl027 at
6q27 at position 168.9 IUb (rnultipoint likelihood score of
2.7 and a multipoint likelihood ratio Z-score of 3.5). TBP
is located on 6q27 at position 170.4 Mb, approximately
1.5 Mb away. Whether polymorphisms within TBP are
responsible for the linkage in these families remains to be

determined.
ln summary expanded polyQ tracts in a range of

proteins can cause late onset neurodegenerative disorders

and the age ofonset ofthese diseases is inversely conelated
with repeat size. Expansions within TBP cause a neurode-
generative disorder (SCAl7), interestingly, dementia is a

comnlon feature of SCAI7. Normal polyQ repeat length

TBP (range 26 42, mode 38 in Caucasian populations)

accumulates in other polyQ disorders possibly catalysed

through interactions between the polyQ tracts or general

protein insolubility.
TBP is an essential transcription factor and it is probable

that modulations in its DNA binding activity will have

widespread effects. We have previously shown that Cre-

dependant transcription is altered as TBP polyQ repeat

length increases It']. Here, we have observed the accumu-
lation of normal repeat length TBP within NFT structures

throughout AD brain. The levels seen are variable between
paticnts, across areas of the brain and relative to Tatr and

[iA. A proportion of the accumulated TBP is detergent

insoluble. A time- and cellular environment-dependant
accumulation of misfolded TBP via its long (normal length)
polyQ tract may lead to a contribution to AD.
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Abstract

Recently, an inherited spinocerebellar ataxia (SCAl7) has been anributed ro polyglutamine coding expansions within the gene coding
for human TATA-box binding protein (TBP). The normal repeat range is 25-42 units with patients having as few as 46 repeats. We
undertook a TBP repeat length population study showing its relative stabiliry, skewed distribution. and substantial population specific
differences. To investigate the mechanism of neurodegeneration in SCA 1 7 we have developed a cellular model expressing full-tength TBP
with a range of polyQ expansions. As has been found with other polyQ cellular models, insoluble intracellular inclusions form in a
repeat-length-dependent manner. In addition. we have shown that the expanded TBP polyQ tract is able to interact with other overexpressed
polyQ-containing proteins. lmportantly, overexpression of expanded TBP results in increased Cre-dependent transcriptional activity. As
TBP is required for transcription by all RNA polymerases, this may indicate a mechanism for aberrant polyQ gain of function
O 2003 Elsevier Science (USA). All righrs reserved.

Introduction

Expansion of CAG repeats coding for polyglutamine
(polyQ) tracts are causative for at least nine hereditary
neurodegenerative diseases (David et al., 1998; Huntirrg-
ton's Disease Collaborative Research Group, 1993; Imbcrt
et al., 1996; Kawaguchi et al., 1994; Koide et al., 19941 La
Spada et al." l99l; Orr et al.. 1993; Zhuchenko et al., 1997:
Zuhlke et al., 2001). These normally occuning polymorphic
repeats are contained within proteins with a range of differ-
ent functions, and in each protein, a disease-causing thresh-
old length of repeat exists.

The human TATA-box binding protein (TBP) contains a

relatively long polymorphic polyQ coding repeat. In a large

t Conesponding author. Fax: + 0064-09-306-0 1.1 l.
E-nai I address : russell.snell(l4ivialacria.com 1R.G. Snell).

0969-9961/03/$ - see fronr mauer e; 2003 Elsevier Science (USA). All rights reserved.
doi: I 0. I 0l 6/50969-996 I (03)000 I 4-7

proportion of the population, the polyQ tract length is

grL'ater than 38 repeats, which would result in a disease if
within any of the other polyQ disease proteins. The cell is
therefore dealing with the wild-type TBP in a manner that
prevents pathogenic progression. It has been proposed that
TBP interacts with disease-length polyQ-containing pro-
teins, and insoluble TBP has been detected within Hunting-
ton disease (Huang et al., 1998; van Roon-Mom et al., 2002)
and SCA3 brain tissues (Perez et al.. 1998). This evidence
suggested that TBP may be involved in neurodegenerative
disorders, through its interaction with other polyQ-contain-
ing proteins and potentially as a new polyQ disease. Sub-
sequently, a patient with cerebellar ataxia has been de-
scribed with a de novo expansion to 63 repeats in one TBP
allele (Koide et al., 1999). Irr addition, expansions in TBP
have been identified in seven autosomal dominant cerebellar
ataxia families: disease-causins alleles in these families are
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between 46 and 55 repeats in length, arld the new disease
locus has been designated as SCAIT (Fujigasaki et al.,
2001; Nakamura et al., 2001; Zuhlke et al., 2001).

TBP is a nuclear protein that is required by all three
eukaryotic RNA polymerases (Pol I, II. and III) for correct
initiation of transcription of ribosornal, messenger. small
nuclear, and transfer RNAs (for review. see Burley and
Roeder.. 1996). The TBP polyQ repeat lengrh in orher
species is much shorter, or nonexistent (Hancock., 1993),
implying that the glutamine tract is not necessary for nornral
transcriptional function. The C-terminus of TBP, containing
the DNA binding region, is functionally more important
than the repeat-containing N-terminus; however, the region
immediately adjacent to the repeats is associated with tlre
binding of proximally bound transcription factors (Seipel er
al., 1994). The polyQ coding region of the TBP gene con-
tains CAA codons as well as CAG, and this may inffuence
the transmission stability of the repeat tract. In support of
this, a single CAA to CAG codon alteration in the spino-
cerebellar ataxia-2 (SCA2) allele results in the transition of
stable to unstable alleles that undergo a moderate expansion,
and results in a disease phenorype (Pulst et al., 1996). Thc
allele lenglth distributions for TBP have been determined in
a range of etlmic populations (Gostout et al., 1993; Rubin-
sztein et al., 1996) and significant differences are observ.sd
in allele size distributions and frequency of alleles.

It has been suggested that elongation ofthe polyQ tracts
beyond 37 repeats may cause a distinct change in structure.
with the glutamine repeats self-associating into protein ag-
gregates through B-sheet interactions (Perutz et al.. 1994).
Another model proposes that aggregates form as a result of
covalent bonding by transglutaminase-caralyzed cross-li nk-
ing, and a recent report suggests that an inhibitor of trans-
glutaminase can reduce symptoms in a Huntington diseasc
mouse model (Karpuj et al., 2002). Intranuclear inclusions
have been detected in neurons of Huntington disease pa-
tients (DiFiglia et al., 1997) and intracellular neuronal in-
clusions have been seen in SCAI T parienr tissue (Fujigasaki
et al., 2001 ; Nakamura et al., 200 I ). It is not known whether
the accumulation of insoluble protein is the potential cause
of disease or merely associated with the disease process,

To determine the potential rninimal disease-causing
length of the TBP polyQ tract, and to assist in the study of
SCAl7, we have developed a model of TBP accumularion
by using repeat-length constructs in a cellular model of
protein misfolding, and monitoring confonnational changes
in the protein. We have detennined the normal distriburion
and stability of TBP alleles in a large population of unre-
lated individuals and a collection of previously well-char-
acterised (Rees et al., 1999) family pedigrees. We demon-
strate that polyQ expansions within TBP alter its cellular
distribution and the transcriptional acrivity of an imporranr
promoter, and also that it can interact with another polyQ-
containing protein. Our results suggest that TBP becontes
progressively insoluble as polyQ repeat length increases.

Methods

C lon ing ol' erpanded TB P construct.r

Human wild-t1pe TBP clones were isolated by reverse

transcription-polymerase chain reaction (RT-PCR) by using
Oligo'dT-primed human lymphoctye cDNA as a template, and
ligated into the Ec'oWXbaI sites of pcDNA3.l(+) (Clontech,

Palo Alto, CA, USA). The forward primer, TBP5'Koz (5'-
TCTGAATTCGCCGCCATGCATCAGAACAACAG-3' )
and the reverse primer, TBP6 (5'-GCTCTAGATTACGTCG-
TCTTCCTGAATCCCT-3') amplifu the entire coding region

of TBP. One of the wild-type allele clones (TBP36), contain-
ing 36 CAC repeats. was used to generate the expanded clones
by PCR. The 5' and 3' regions either side of the repeat were
separately amplified to achieve varying lengths of repeat. using
(CAC)2, and (CTC)ro primer,s (kind gift from D. Love, Uni-
versity of Auckland) together with the TBPS'Koz and TBP6
primers. Products produced frorn TBP5'Koz{CTG)ro and
(CAG)"'/TBP6 reactions were then used together as a template
using the TBP5'Koz and TBP6 primers, allowing the repeats

to anneal at various places to create the varying lengths. All
expanded clones were ligated into EcoRl/XbuI restriction sites

of pcDNA3. l(+). The truncated TBP construct, TBPdel, con-
taining only the first 98 amino acids of TBP, was created by a
P.srl partial digest of TBP36 after XbaI linearisation. and sub-
sequent blunt-ended recircularisation. All sequences were con-
finrred by automated dideoxy termination sequencing (School

of Biological Sciences. University of Auckland).

Transfeclion of murine neuroblastonta cell line

Murine neuroblastoma cells (ATCC Number CCL-l3l;
Neuro-2a) were maintained in RPMI media (Life Technol-
ogies, Auckland, NZ) supplemented with l0% fetal calf
serunt, l% penicillin, streptomycin, glutamate, and l7o so-

dium pyruvate. Cells were plated at approximately
100,000/ml 24 h prior to transient transfection when at
50-80% confluency using Fugene transfection reagent
(Roche). The quantities of trarrsfection-quality DNA used
(Plasmid Maxi Kit; Qiagen, Hilden, Germany) and well size
varied with experiments as described.

IVestern analysi.g

After 48-h transfection using 0.3 prg of DNA per 6.5-
lnm-diameter well. media were removed and cells were
rinsed in I x phosphate-buffered saline (PBS) prior to lysis
in 100 g.L 0.1% sodium dodecyl sulfate (SDS) per well.
Three micrograms of protein was added to SDS loading
buffer and urea to a final concentration of 2% SDS, l0%
glycerol, 5o/o 2-rnercaptoethanol, 0.002% bromophenol
blue, 50 mM Tris, pH 6.8, and 3 M urea, heated for 5 min
at 95oC, and separated on 8% polyacrylanride (SDS-PAGE)
gels containing 0.1% SDS and urea as denaturing agents.
Proteins were transferred to polyvinylidene fluoride (PVDF)
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rnembranes (Millipore, Bedford, MA), blocked in 5% rnilk
powder in TBST and incubated for 2 h in the following
primary antibody; polyclonal TBP l:5000 (Santa Cruz Inc.,
Santa Cruz, CA), monoclonal TBP l:3000 (Chemicon, Te-
mecula, CA), or monoclonal I C2 I :3000 (Chemicon). Sub-
sequently the membranes were incubated with the appropri-
ate horseradish peroxidase (HRP)-conjugated secondary
antibody (Santa Cruz Inc.), at l:3000 for I h, and detected
by chemiluminescence (ECL PIus, Amersham, Bucking-
hamshire, UK). All incubations were at room temperature.
The polyclonal TBP antibody epitope is at rhe N-terminus
of TBP, while the epitope for the I C2 monoclonal antibody
is the polyQ tract of TBP.

Coexpression of TBP u,ith polyQ-gt een .fluorescenl
protein (GFP) .fusion constructs

A polyglutamine-GFP construct (kind gift from D. Love,
University of Auckland) containing 100 repeats was coex-
pressed with the various TBP constructs to determine ef-
fects of TBP polyQ repeat lengtlr on GFP inclusion forma-
tion. TBP constructs (0.22 pg) and l00CFP constructs (0.08
trrg) were cotransfected into Neuro-2a cells in 6.5-mm-
diameter wells and cells visualised using an epiflouresence
microscope to detect the green ffuorescent protein. After
48 h, cells were fixed in 4Vo paraformaldehyde for 20 min
and the total number of CFP inclusions present in four
200X magnification fields in each of four replicate wells
were counted. Statistical significance was determined by
using the Student's t test.

Confocal m icroscopl, and inc lus ion quan tificat ion

Confocal microscopy was used to determine the location
of the expressed TBP constructs in the cell. Cells werc
grown in 15.6-mm-diameter wells on l2-mm-diameter glass
covenlips, and transfected with 3 g.g of DNA. Forty-eight
hours after transfection, cells were washed with pBS and
fixed in 404 paraformaldehydeiPBs for 20 min, rinsed rwice
in PBS, and incubated overnight at 4'C in primary antibody
(polyclonal TBP at l:500) diluted in 57o goat serum in 0.29i,
Triton X-100/PBS. After washes in TBST, cells were incu-
bated with anti-rabbit biotinylated antibody (Sigma) ar
l:250 overnight at .4oC. After further washes, cells werc
incubated in extra avidin CY3 (Sigma) tertiary antibody at
l:500 for 4 h at room temperature to allow detection using
epiflouresence. Coverslips were mounted in Citi-Fluor (All-
tech, Auckland. New Zealand) and visualised under confo-
cal microscopy (Biomedical Imaging Unit, School of Med-
icine, Auckland). To determine whether the bright
aggregate formations of TBP constructs in the cell were
cytoplasmic or nuclear, individual cells were analysed
through a Z series. so that the position of the aggregatc in
relation to the nucleus could be seen, The number of inclu-
sions and imrnunopositive cells visible in four different
fields of two replicate coverslips at 630x magnification
were counted. Inclusions were then calculated as a percent-

age ofthe transfected cells present, resulting trends were the
same for replicate experiments. All wells showed similar
levels of transfection (average : 43.2%) and no inclusions
were seen in any ofthe control transfections (cJun, untrans-
tected, fugene alone).

I ns o lu bl e prote in .fi lter ass a1'

Neuro-2a cells were plated on 3S-mm-diameter wells
and transfected with 4.5 p.g of DNA, After 48 h, cells were
rinsed in PBS, incubated in 0.05% trypsin for 60 s, removed
from plates, spun 5 min at 1900 x g, washed in PBS, and
respun. The pellet was resuspended in lysis buffer [50 mM
Tris, pH 8.8, 100 mM NaCl, 5 mM MgCl, 0.5% NP40, I

mM EDTA plus protease inhibitors (Roche, Auckland,
NZ)]. incubated on ice for 30 min. and spun at 20,000 x g
for 5 min. The resulting pellet was resuspended in 20 mM
Tris. pH 8, l5 mM MgCl. containing I mg/mlDnase I, and
incubated at 37oC for I h. Aliquots were taken for quanti-
fication using the BioRad protein assay (BioRad Laborato-
ries, Hercules. CA) and solubilisation buffer was added to a
final concentration of 20 mM EDTA,0.05 M dithiothreitol
(DTT) and l0% SDS. Protein (15 pg) was applied to 0.2
pM cellulose acetate membrane (Osmonics lnc.,
Minnetonka, MN) in a total volume of 100 p,L of l0% SDS
under vacuum using an Easy-Titer ELTFA system (Pierce.
Rockford. IL). Filters were washed in 0.2%o SDS, proteins
fixcd by 20-min incubation in 0.5% gluteraldehyde, fol-
lowed by washes in I X TBST. Filters were incubated wirh
an anti-TBP antibody, and then with anti-rabbit secondary
HRP-conjugated antibody, to allow chemiluminescent de-
tection (ECL Plus, Amersham) of the SDS-insoluble pro-
teins remaining on the filter.

C re-mediated luciferase exprcssion

Neuro-2a cells were plated in 15.6-mm-diameter wells
and cotransfected with 0.6 pg Cre-luciferase reporter plas-
mid (Stratagene, La Jolla. CA), 0.6 p,g CMV-CREB vector,
and 0.6 !.9 of one of the polyQ vectors, 0CFP, 30GFP,
|O0GFP. TBP36, TBP48, TBP56. TBP66. TBP85" or
TBP90. The "nil" cells were transfected with Cre-luciferase
plus CMV-CREB driver plasmid but no polyQ vector, and
untransfected cells were included as controls. After 48 h,
cells were harvested and prepared for luciferase detection as

per the luciferase reponer kit (Promega. Madison, WI). and
luciferase activity measured using a Jet Chemiluminescence
counter (Wallac Oy, Finland). For each sample three wells
were transfected and duplicate luciferase measurements
wLire made from each well. Test wells contained a tokl of
1.8 trg of DNA, while the CREB alone sample (nil), con-
tains a total of 1.2 prg of DNA.

Geno\'ping analysis

DNA sarrrples used to assess the allele fiequency of TBP
wcre derived frorn 618 healthv. unrelated individuals who
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were blood donor volunteers in the South Wales region. The
group was Caucasian by decent and had given consent for
genotyping studies and declared an absence of any polyQ
disease history. DNA samples for the transmission data
were from l3 previously described and well-characterised
families (Rees et al., 1999). DNA (40 ng) from each sample
were amplified in a microtitre plate by standard PCR pro-
tocols using primers previously reported (Rubinsztein et al..
1996). The reaction volunre of 12 pl contained 200 pM of
each dNTP, l0 prnol of primer, l0% dinrethyl sulfoxide
(DMSO), and I unit of Taq polymerase (Qiagen, Hilden,
Cermany). The reverse primer was end-labelled with T-P33-
ATP (Amersham, Buckinghamshire, England, UK) and
PCRs were resolved on 670 denaturing gels (FMC Bioprod-
ucts) with a Ml3 ladder and two gel-gel controls. Postelec-
trophoretic gels were viewed by autoradiography with X-
ograph film (Kodak).

Results

Cloning and expression of TBP constructs in neuronul
cells

Two alleles for full-length wild-rype human TBP con-
taining 36 and 37 repeats were isolated by RT-PCR and
cloned into a mammalian expression vector. A sunrnrary oi
clones subsequently constructcd is shown in Fig. l. The
glutamine coding repeat region in TBP is nrade up of CAA
as well as CAG codons. The TBP36 clone used in this srudy
consists of (CAG)3(CAA)r(CAG)e(CAAXCAG)(CAA)-
(CAG)r6(CAAXCAC); in our clones, expansions inrro-
duced are within the (CAG)e block of repeats. Two clones
containing single missense irrtenuptions of the polyQ cod-
ing stretch were constructed; the longest stretch of uninter-

Construci O o/oQt Repeat sequence

TBP31 31 9.3 (Q)r,
TBP36(wt) 36 10.7 (O)r
TBP37(wt) 37 10.9 (Q).t
TBPtl4 44 t27 (O){
TBP48 48 13.7 (Q)o"
TBP56 s6 15.7 (Q)x
TBP66 66 18 (Q)*
TBP84| 84 21.8 (Q)u. (R) (Q),
TBP85 85 22 (Q)s:
T8P90 90 22.9 (Q).:o
TBpggi 99 24.9 (a)x (L) (O)30 (R) (O) ,,
del 36 28.6 (Q)-n

I = interupled repeal: del = deletron mutant
' =o./" ol whole protein contained in repeat region
rvt = wild type allele

Fig. I. Schematic representarion of human TBP cDNA and repear cloncs
constructcd. The percentage of the protein containcd within repear rcgion
is indicated under %Q. TBP, TATA-box bindin_q prorein.

KDa gT 44 48 56 90 det C

li:ba
Sl- | . 5

38-*=!PlrDct
84- - 

b

62- at
51 -
38-

Fig. 2. Westenr derection of expressed TBP proteins in transfected

Ncuro-2a cells using pTBP (a) and lC2 (b) antibodies. Numbers relate to

length o{'repeat region within full lcngth TBP, with del = deletion murant.
C : control transfection. TBP. TATA-box binding protein.

nrpted polyQ coding repeats in these clones is 58 and 83
(Fig. I ). In addition, a truncated TBP clone (del) was con-
structed from TBP36, coding for the first 98 amino acids of
tlre protein only, including the repeat region.

Western blot analysis of transfected Neuro-2A cell ly-
sates confirmed that the expanded conslructs expressed pro-
teins of appropriate sizes. Wild+ype mouse TBP was de-

tected by an N-tenninal polyclonal TBP (pTBP) antibody as

two bands travelling at approximately 39 and 45 kDa, with
the TBP constructs being detected above these at approxi-
mately 52, 53, 54, 56, and 66 kDa for TBP37, TBPzI4,
TBP48, TBP56, and TBP90, respectively (Fig. 2). A glu-
tamine repeat-specific antibody, which detects the repeats in
a length-dependent manner, lC2 (Trottier et al., 1995),
cletected TBP44, TBP48, TBP56, TBP90 with increasing
affinity, but as expected. did not detect the shorter repeats
within the mouse wild-type TBP or TBP37 (Fig. 2b). A
monoclonal TBP antibody (mTBP) was unable to detect the
del protein, due to its apparcnt C-terminal epilope, but

dctected expression from all full-length TBP clones, con-
finrring conect translation of the protein succeeding the
polyQ region (data not shown). In all cases TBP proteins
detected by Westem analysis appeared to migrate at higher
nrolecular weights than expected, suggesting that the pro-
teins are incompletely denatured under these gel conditions.
Both murine TBP alleles from the Neuro-2A cell line used
in our experiments showed a polyQ coding tract of 13

repeats upon sequencing of TBP polyQ repeat regions am-
plified from genomic DNA.

E.rpanded TBP interacts with overexpressed
ptt lv g lu t am i n e- G F P .fus io n protei ns

To detemrine whether expanded glutamine tracts within
TBP interact with other overexpressed polyQ proteins, the
full-length TBP constmcts were cotransfected with a con-
struct expressing 100 glutamines fused to the amino-termi-
nus ofthe green fluorescent protein (l00GFP). Transfection
of similar constructs in neuronal cells show bright punctate
inclusions within Neuro-2a cells in a dose-dependenVtime-

(ilotrnlis( .L\hnf, r!i,$ rl | 1 ,\:hl
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t20 ise erpression. Ove rexpressed rvild-type human TBP
(TBP-16) was seen as diffuse nuclcar staining, with no cy-
toplasnric staining (Fig. a). Brigltt punctate immunopositive

rcgions were visible within cells expressing expanded TBP,

these rcgions appear to be small inclusion bodies. with
scvcral inclusions per cell observed (Fig. a). Staining of
cndogenous mouse TBP was minimal.

Wc obscrved that the inclusions werc distribute'd in

dit'lerr.rnt subcellular locations. Punctate inclusions werc
visualiscd using contbcal nriscroscopy, with at leasl five
imagc-s collected through one visual ficld (on the : axis),
allouing the Iocalization of the intracellular inclusions to
be determined (Fig. "1). Inrmunopositive cells displaycd a

varicty of staining patterns: diftuse nuclear staining.
putlcratc inclusions that appear nuclear, and punctate

inclusions that appear cytoplasmic (Fig. 4). The localisa-
tion of thcse inclusions varied with repeat length. wild-
type lengths (TBP36 and TBP37) resulted in diftuse
nuclear located labelling, while increasing repeat length

reduccd the amount of diffuse nuclear labelling with
perinuclear and cytoplasmic inclusions becolning pro-
grcssivcly rnore aburrdant. The longest repeat le ngth
(TBP90) had few positively labelled nuclei and many

cytoplasrnic inclusions. while nroderate repeat length
protcirrs demonstrated diffuse nuclear labelling with as-

sociatcd perinuclear inclusions (TBP44, 48). The del
protcin may lack a nuclear localisation signal as labelling
was confined to the cytoplasnr (data not shown).

TBP repeut length threshold _lbr inclnsion Jitrmation

As thc repeat length incrcased. the nurnbers ol'cells with
visiblc punctate TBP inclusions also increased (Fig. 5), with
the highest percentage ofinclusions seen in TBP90-express-
ing cells (87oli,). A significant increase in inclusion-contain-
ing cclls was scen at repeat lengths longer than 56. A large
proportiorl (68%) of cells expressing the del protein con-

tained inclusions. No inclusions were obscrved in control

transt'ections. A threshold length fbr TBP inclusion forma-

tion rvas theretbre predicted to be between 56 and 66 re-

pcats.

E90
E

o60
6

E

;30

0

36 37 44 56 84i 90 99i del L

co-expressed DM

Fig. ,j. Coexpression of TBP clones rvith l00CFP. Neuro-la cells rvere
transiently transltcted with two constructs and the average nunrber ol.

inr'lusions per Iield measured by epifluorescencc' nricroscopv. Asrerisks
indicate significance at the 95o,i,({) and 99.91r*+1 level whcn conrparing
nreans against thc coexpressed LacZ control (1.). TBP. TATA-box binding
protr"in: GFP. green fluoresceru protein: GFP. grecn lluorescenr prorein,

dependerrt manner (Moulder et al.. 1999). It was predicted
that if an interaction occurred betwcen the glutanlinc tracts
of IOOGFP and TBP, then greater nurnbers of punctatc
inclusions would fbrm in cotransl'ected cells. l00CFP was
transfected at a level where few inclusions wcre sec.n. When
TBP constructs were cotransfected with the l00GFP con-
structs, significantly higher numbers of GFP inclusions
were sccn within TBP90- and TBP84i-expressing cells (Fig.
3). It was possible to confirm that the l00GFP and TBP90
proteins were located together'*,ithin the sarrre inclusion. as

TBP90 was detected by TBP antisera and the fluorescent
GFP inclusions were visible under low lighting conditions
(data not shown). This incrrease in inclusion tbmration was
not seen with the TBP99i construct, despite containing rhe
greatest total number of glutamincs of all the constructs,
I{owever, this clone contains two single arnino acid intcr-
ruptions midway through the repeats (Fig. 2); it contains
three glutamine tracts of (Q)sr,, (Q)ro. arrd (Q)rr, which
logcther as an imperfect repeat, show less ability to tbrrn
inclusions than TBP90 or TBP84i.

TBP repeut length-clepentlent .fbrmation and localisation
of' i n trace I I u I ar i nc lus i orts

Neuro-2a cells were transfected u'ith the range of TBP-
expressing constnrcts and TBP anlisera was used to visual-

Fig. 4. Conlocal images ol'TBP-I
are shosn: i.e.. difluse
positive nuclear staining (TBP90). All images are conrpilations ol'several Z series rnragcs. to rrreare a topographical image of the ccli. TBP. TATA-box
binding protein.
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Fig. 5. Repeat-length-dependent inclusion lormation. Transiently trans-
fected murine neuroblasoma cells rvere fixed at 48 h. and inclusions
detected after CY3 labelling ofpTBP antibody. Inclusions were counred as

percent transfected cells containing inclusions. Si_errificant differences to
witd-type (TBP37) are indicated: *At 99.9-q6 level. All consrrucrs were
significantly different than TBP66.

Insolubilin' of expanded TBP protein expressed by
mammalian cells

To determine the solubility of the expanded TBP pro-
teins, a filter retardation assay was used to trap SDS-insol-
uble protein onto a low affinity cellulose acetate membrane.
SDS-insoluble TBP protein is increasingly detected from
TBP48 in samples resuspended in l0% SDS (Fie. 6), As
repeat length increases, the amount of detectable SDS-in-
soluble protein increases. and is particularly high in protein
samples produced from TBP83, 85. 90, and del expressing
cells. A large amount of the del protein is dctected as

insoluble. Unlike reports from disease brain or GST:polyQ
tract fusion proteins (Huang et al., I998; Scherzinger et al.,
1997), our long repeat proteins can be detected by lC2
antibody as SDS insoluble (Fig. 6b). This suggests a less

ordered structure is being formed in our cell culture model;
the epitope for lC2 is the polyQ tract, hence at least a

proportion of the tract within TBP90 and l00GFP must be

available for detection. As expected, SDS-resistant l00GFP

31 36 37 44 48 55 56

ccc

U oStp lmgtp 36 66

u nir os tt'"-tT"nt"T"o 
$^ 

* 66 85 eo

Fig. 7, TBP polyQJength-deperrdent effects on CREB-dependent uan-
scnption. A Creluciferase reporter system was used within transfected

Neuro-la cells as described in Methods. Cells rvere transfected with both

the Cre-luciferase reponer plasmid and CMV-driven Creb. The coex-

pressed sarnple prorein is indicated along the .r axis. witlr TBP construct
(solid bars) repeat lengths indicated. 0g, 30g, and l00g (hatched bars)

rspresent 0, 10, and 100 glutantine GFP fusion protein constructs used as

controls. Cells transfected rvith Cre-luciferase and CRfB constructs only
are indicared as nil (open bar), while U represenu untransfected cells.

Significanr difl'erences from OGFP are iudicated by *+(:99%) and
**t1= gQ.Qrli), as calculated by Srudent's I test. TBP, TATA-box binding

prorcin; CREB, : CMV, : CFP, green fluorescent protein.

(weakly detectable by lC2; Fig. 6b) is not detected with the

TBP antibody (Fig. 6a).

Expansion oJ'TBP efects initiation of Cre-mediated
trdnscriilion

To determine if expanded polyQ repeats within TBP
have an effect on transcriptional activation, a Cre-luciferase
reporter system was used to study effects on CREB-acti-
vated luciferase expression, In our studies, the expansions

within TBP have caused increased Cre-mediated luciferase
expression (Fig. 7). with the highest increase (4-fold) seen

with TBP48 coexpression when compared to 0GFP. Trans-
fection with TBP with polyQ tracts longer than 66 result in
lucit-erase levels similar to basal readings. No significant
effects were noted with the transfection of 30GFP and

l00GFP compared to 0GFP. Untransfected cells showed no

luciferase activity.

Genoh'ping data

To gather an estimate of allele size and frequency for
TBP in a large Caucasian population we genotyped 618

unrclated individuals (1236 alleles). Consistent with previ-
ous Caucasian data, the distribution of TBP alleles in this
group t'ell beween a minimum of 29 repeats and a maxi-
rnunr clf 40. Our data shows an absence of repeat lengths 33

and 34 (Fig. 8a). Rubinsztein reports a lack of 34 alleles and

only 2% 33 alleles. while Gostout reports no 33 alleles and

only 3% 34 alle les (Costout et al., | 9931 Rubinsztein et al.,

1996). Genotype analysis of thirteen 3 generation families,
encornpassing 378 alleles and ll8 meiosis, provided no

eviclence for meiotic instability of TBP alleles (data not

55 841 85 90 del

' o l)O O-' ro*osDS
I insoluble

- sup€rnalent

90

1006 sDs
O insoluble

Fig. 6. Filter reurdation assay to detecr insolublc. protein. Protein ( | 5 prg)

extracted fionr transfected Neuro-2.A cells was applied by vacuum ro
cellulose acetatc membrane and subsequently detected by pTBP (a) or I C2
(b) antibodies. Numbered sanrples represenl r€pear lengrh wirhin TBP, wirh
del being the TBPI6 deletion mutant. Conrrol protein samples in (a) (LacZ.
0CFP, and I00CFP) are represented by c under the loading spot. The
protein extract loaded onto the membrane is indicared on rhe righr. TBP.
TATA-box binding protein.



S.J. Reid et ul. / Neurobiologt ol Distuse l-i (200J) -17-4-5 9J

30 31 32 33 34 35 36 37 38 39 40
repeat lenglh

2s 30 31 * 
i:o::,,lu"rlnt 

tt 38 3e 40

Fig.8. TBP allele frequency in human populations. (a) 6ltl unrelared

Caucasians shorving conrmonest allele as 38 repeats (b) dan extracred tiont
Rubinsztein er al. ( 1996) showing diflerent disrribution ofallele frequency
in two populations and upward skcw ol'the Easr Anglian popularion dara.

The f value for these data is 70.001 I with 3 degrees of lreedorn and a i2
lalue of <0.0000 | . Number of chronrosonrcs analysed: 49 and 48 for Easr

Anglian and South Allican Black populations. respectively. TBP. TATA-
box binding protein.

shown). The longest TBP allele in this group was 4l re-
peats. To date, this is the largest repeat length study of a

Caucasian population.
Our interest in the possibility of polyQ tract expansion in

human populations led us to reanalyse previously published
data (Rubinsztein et al., 1996) reporting allele length in four
racial groups. Interestingly, our analysis, shows a highly
significant (P : < 0.00001) difference in allele length
distribution between East Anglian (commonest allele 38)
and South African Black (commonest allele 35) populations
(Fig. 8b). Both distributions are nonsymmetrical and
skewed in opposite directions (Fig. 8b), i.e., East Anglian
data has an upward skew (skewness : -1.49). while the
South African Black population has a milder downward
skew (skewness : 0.66).

Discussion

The TATA-box binding protein polyQ tract can expand
to cause SCAl7, a neurodegenerative disorder exhibiting
many of the clinical and neuropathological features com-
mon to the other polyQ diseases (Ross, 1995). In particular,
SCAIT symptoms include cerebellar ataxia, dementia. par-
kinsonism. with neuronal loss in the cerebellum and general

atrophy of cortical regions. TBP and ubiquitin-positive neu-
ronal inclusions are detected in the cerebellum and basal
ganglia, with an apparent CAG length-dependent age of

400
o
5 aoo
e
3 aoo
I
f; roo

0

50

>40o

9soro
izo
oiro
s

0

onset seen (Fujigasaki et al., 2001). To determine the patho-
genic potential of polyQ expansion in the context of this
critical rranscription protein, we have performed population
genctic studies and developed a neuronal cell model for
SCA I 7.

Expression of a range of polyQ lenglhs within the full-
length TBP protein result in repeat-length-dependent inclu-
sion fornration. altered localisation within the cell, and a
repr'at-length-dependent insolubility of the expressed pro-

tein. Length-dependent inclusion formation has been ob-
servcd in other cell culture models of potyQ neurodegen-
erative disorders (Martindale et al., 1998; Moulder et al.,

1999). We found the intracellular location of TBP inclu-
sions to be nuclear, perinuclear or cytoplasrnic in a polyQ
length dependent manner. The frequency of inclusion for-
rnation increased when TBP proteins containing long re-

peats were coexpressed with GFP fusion proteins containing
100 glutamines, showing the potential of TBP to interact
with other overexpressed polyQ-containing proteins. It is

not known whether expanded TBP interacts with disease

proteins expressed at endogenous levels within the cell. An
uninterrupted glutamine tract within TBP formed signifi-
cantly nrore interactions with |OOGFP than a longer tract
interrupted by single amino acids, indicating that a perfect
glutarnine tract is required for conformational change to
occur. A recent report shows wild-t1pe TBP incorporated
into expanded polyQ aggregates, and has shown that the

polyQ tract is required for this association (Kint et al.,
2002). In addition our own group has shown abundant
u,ild-type-length TBP structures within Huntingtin disease

brain (van Roon-Mom et al., 2002). The expressed TBP
proteins in our studies become progressively insoluble with
incrcasing polyQ length. Previous studies have indicated
that short GST:polyQ tract fusion proteins are trapped by
the filter retardation method (Huang et al.. 1998; Scherz-

inger et al.. 1997), and we demonstrate that full-length TBP
protein containing an expanded polyQ tract is also captured
by this method. Flanking protein plays a major role in
determining solubilityl hence. it is significant that TBP
insolubility is reported here within the context of the full-
length protein.

We have demonsuated that polyQ expansions within
TBP result in increased Cre-mediated luciferase expression

r,r'ith medium length repeats having the greatest increase

conrpared to control proteins. Luciferase expression recov-
crs to basal levels with repeat lenghs beyond 66. probably

duc to the increasing insolubility of TBP and resulting

sequestration of available recombinant TBP protein. Alter-
natively, it is possible that polyglutamine tracts greater than

66 have a detrimental effect on this system, through altered

affinities, or altered structures impeding protein-protein in-
teractions. The disease alleles reported to date in the SCA | 7

families all contain less than 66 repeats, and so fall within
thc range in our studies where increased transcription is

seen. Shimohata et al. (2000) reported that expanded polyQ
stretches interact with TAFIII30 and interfere with CREB-
dcpendent transcription, resulting in reduced levels of lu-

It a5t Anglrnn
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ciferase expression. Due to the very different experimental
setup it is difficult to compare the two studies. Our exper-
imental data show no differences between constructs ex-
pressing 0, 30, and 100 polyQ as N-terminal fusion proteins
with CFP; therefore, the increased luciferase production
associated with TBP expansions appears specific for TBP
rather than a polyQ specific effect. TBP is required by all
RNA polymerases for correct initiation of transcription; we
suggest that any repeat-length effects on TBP's normal
function are likely to have a widespread impact on the
transcription of many genes.

To date, the nomral function of the polyQ tract within
TBP is not known, but a partially conserved N-terminal
region TBP adjacent to the polyQ tract is involved in inter-
actions with proximal activation dornairrs of pro-
moter-bound transcription tbctors (Seipel et al., 1994). Ex-
pansions within the polyQ tract may have an affect on the
surrounding protein structure, altering association to bound
factors, Many transcription factors contain glutanrine-rich
regions or glutamine repeat tracts, and altered affinities wirh
interacting proteins due to polyQ expansions may have
widespread affects on the cell. PolyQ disease proteins se-
quester CREB-binding protcin (CBP) into nuclear inclu-
sions (McCampbell et al., 2000) and the l5 glutamines
within CBP are required for disease protein interactions that
interfere with CBP-activated transcription (Nucifora et al..
2001). TBP exists as a homodimer when not bound to DNA:
the kinetics of dimer to monomer convcrsion are slorv
(Coleman et al., 1995) and so may significantly control the
kinetics of DNA binding and subsequent transcription. Sub-
sequently, factors zuch as expanded polyQ tracts nray alter
the affinity of TBP to itself and result in altered uanscription
kinetics, and a detrimental eft-ect on the cell, We hypotlr-
esise that wild-type TBP has the ability to directly interact
with glutamine rspeats within other cellular proteins, result-
ing in altered protein structures and the formation of insol-
uble aggregates.

In our population study ofCaucasian TBP repeat length,
the allefe distribution ranges from 29 to 40, with 38 being
the commonest allele. There was no evidence of transmis-
sion instability in I l8 meiosis, implying that CAC expan-
sion at the TBP locus has occurred on a limited number of
occasions. Further evidence of this conres from the obser-
vation of a discontinuous allele lcngth distribution. For
example, our genotyping of 1236 human alleles revealed no
polyQ tract lengths of 33 or 34, and other reports show
similar discontinuiry (Costout et al., 1993; Rubinsztein er

al., 1996). Added stability may be provided by the alternate
glutamine coding codons within the TBP tracr. in a manner
similar to SCA2 (Pulst et al.. 1996). ln75%o of human TBP
alleles, the polyQ repeat tract contains two homogenous
CAG repeat blocks, i.e., [CAG]' and [CAC],5_,r, with
variations generally occurring in the larger of the two blocks
(Gostout et al., 1993); the SCAIT patients reported to date
have expansions in the [CAG],r_,* block.

Other investigators report a significantly different size
distribution of TBP alleles between South African Black

and East Anglian populations (Rubinsnein et al., 1996). It is
possible that the upward skew seen in the East Anglian data,

also seen in our Caucasian data, may indicate a selective
pressure against alleles with repeat lengths greater than 38.

In the other polyQ diseases there is a general trend toward

expansion rather than contraction; therefore, the difference
in allele distribution between the populations may indicate a

t-uturc human population risk factor.
In summary, polyQ expansions within TBP alter the

sructural properties of the protein, and TBP becomes more
insoluble as its repeat lenglh is increased. The polyQ ex-
pansion within TBP interacts with other overexpressed

polyglutamine-containing proteins in a length-dependent

manner, and transcriptional function is altered by repeat

length. While the mechanism of polyQ toxicity remains
unknown, the use of a full-length TBP cell culture model
will assist in the elucidation of the SCAIT disease process.

Thc apparent ancestral instability observed and polymor-
phic nature of this tract may become a significant human

population risk in future generations. It is now clear that
expansions within TBP can lead to a neurodegenerative
diseasel and normal length TBP may be a susceptibility
factor or phenofypic modulator in other polyQ disorders.

Acknowledgments

We thank Dr. Don Love for the | 00GFP construct. Dr.
Kim McGinnis for assistance with filter retardation assay

methodology, and Dr. John Pearson for statistical analysis.
This study was funded by the Wellcome Trust Fund (UK).
the NZ Health Research Council. the NZ Marsden Fund and
thc Auckland Medical Researclr Foundation, and the Med-
ical Research Council (UK).

References

Burley, S.K., Roeder, R.C., 1996. Biochemistry and strucrural biology of
rronscription factor llD (TFIID). Annu. Rev- Biochem. 65,769-799.

('olenran. R.A.. Taggan, A.K., Benjamin. L.R.. Pugh, 8.F., 1995. Dimer-
ization of the TATA binding protein. J. Biol, Chenr. 270, 13842-
I 1849.

David. G., Durr, A., Stevanin. C., Cancel, C., Abbas, N., Benomar, A.,
Uelal. S.. Lebre. A.S.. Abada-Bendib, M.. Grid. D.. Holmberg, M..
Yahyaoui, M.. Hentari. F., Chkili, T., Agid. Y., Brice, A., 1998.

Ivlolecular and clinical correlations in autosomal donrinant cerebellar

ataxia with progressive macular dystrophy (SCA7). Hum. Mol. Cenet.

7.165-170.
DiFiglia, M., Sapp. E., Chase. K.O.. Davies, S.W.. Bates. G.P., Vonsanel.

J.P., Aronin, N.. I997. Aggregation ofhuntingtin in neuronal intranu-
clcar inclusions and dystrophic neurites in brain. Science 277,1990-
| 993.

FLrjigasaki. [{., Martin. J.J.. De Deyn, P.P., Camuat, A., Deffond, D.,

Stevanin, G.. Detmaut, 8., Van Broeckhoven, C., Dun A.. Brice. A.,

:001. CAC repeat expansiotr in the TATA box-binding protein gene

causes autosomal dominant cerebellar ataxia. Brain 121. 1939-1947.
(;ostour. 8.. Liu. Q., Sommer. S.S., 1991. "Cryptic" repeating triplea of

purines and pyrimidines (cRRY(i)) arc frequent and polymorphic:

analysis of coding cRRY(i) in $e proopiomelanoconin (POMC) and



S.J. Reid et al. / Neurohiolog': o.[DisetLtc l3 (2003) 37-45 A<

TATA-binding protein (TBP) genes. Anr. J. Hun. Cener.52, ll82-
I 190.

Hancock, J.M., 1993. Evolution of scquence repetition and gene duplica-
tions in the TATA-binding protein TBP (TFIID). Nucleic Acids Res.

2 I, 2823-2830.
Huang C.C., Faber. P.W.. Persicheni. F.. Miual, V., Vonsauel. J.P., Mac-

Donald. M,8.. Gusella. J.F.. 1998. Amyloid formation by mutant hun-
tingtin: threshold, progressivity and recruitment of normal polyglu-
tamine proteins. Somat. Cell Mol. Cenet. 24,717-233.

Huntington's Disease Collaborative Research Croup, 1993. A novel gene

containing a trinucleotide repeal that is expanded and unstable on

I{untington's disease chrornosomes. Cel l 72, 97 1-983.
lmben, C.. Saudou, F., Yven. C., Devys. D., Trottier, Y., Ganrier, J.M..

Weber. C.. Mandet, J.L.. Cancel. C., Abbas, N.. Durr. A., Didierjean.
O., Stevanin, G., Agid. Y.. Brice. A.. 1996. Cloning of rhe gene for
spinocerebellar ataxia 2 reveals a locus with high sensiriviry ro c'x-

panded CAG/glutamine repeats [see comments]. Nat. Cener. 14, 285-
291 .

Karpuj, M.V., Becher. M.W., Springer, J.E.. Chabas, D., Youssef. S.,

Pedoni, R. Mitchell, D.. Steinman, L.. 2002. Prolonged survival and

decreased abnonnal movemenls in transgenic model of Huntinglon
disease, with adminisration of the transglutaminase inhibitor cysra-
mine. Nat. Med. 8, 143-149.

Kawaguchi, Y., Okamoto. T., Taniwaki. M., Aizawa. M., Inoue. M..
Karayam4 S., Kawakami, FI.. Nakamura, S., Nishimura, M., Akiguchi.
I., Kimura, J., Narumiya, S,. Kazizuka, A., 1994. CAC expansions in a
novel gene lor Machado-Joseph disease at chromosome l4q32.l [see
commentsl. Nat. Genet. 8, 221*228.

Kim, S., Nollen. E.A.A.. Kitagarva, K.. Eindokas. V.P., Morimoto, R.1.,

2002. Polygluamine aggregates are dynamic. Nat. Cell Biol. .1. 826-
831.

Koide. R., Ikeuchi, T., Onodera, O.. Tanaha, l{., lgarashi, S., Endo, K..
Takahashi, H., Kondo. R.. lshikawa A., Hayashi. T., Saito. M.. To-
moda, A.. Miije, T., Naito. H.. lkum, F., Tsuki. S.. 1994. Unstablc
exparu;ion of CAC repeal in hereditary dentatorubral-pallidoluysian
atrophy (DRPLA). Nat. Genet. 6, 9-13.

Koide, R., Kobayashi. S., Shimohara. T., lkcuchi, T., Maruyama, M., Sairo.
M., Yamada, M., Takahashi, H., Tsuji, S., 1999. A neurological disease
caused by an expanded CAG trinuclcotide repear in the TATA-binding
ptotein gene: a new polyglutamine disease? l{um. Mol, Gener. tl,

2047-2053.
La Spad4 A.R., Wilson, E.M., Lubahn, D.B., Harding, A.8., Fischbeck.

K.H.. l99l . Androgen receptor gene mutarions in X-linked spinal and
bulbar nruscular atrophy. Nature 352.77-79.

Martindale. D., Hackam, A., Wieczorek. A.. Ellerby. L.. Wellingron. C..
McCutcheon, K.. Singaraja, R.. Kazemi-Esfarjani, P., Devon. R.. Kirn.
S.U., Bredesen, D.E., Tufaro, F., Hayden, M.R., 1998. Lengrh of
huntingtin and irs polyglutamine tract influenccs localization and fre-
quency of intracellular aggregates. Nat. Genet. 18. 150-154.

McCampbell. A.. Taylor. J.P., Taye, A.A., Robitschek. J.. Li, M., Walcou,
J., Merry, D., Chai, Y., Paulson. H., Sobue. G., Fischbeck. K.H..2000.
CREB-binding protein sequestation by expanded polyglutamine.
Hum. Mol. Genet. 9. Zl97:2?02.

Moulder, K.L., Onodera, O.. Burke, J.R., Stritmratter. W.J., Johnson Jr..
E.M., 1999. Ceneration of neuronal inlranuclear inclusions by poly-
glutamine-GFP: analysis of inclusion clearance and toxiciry as a func-
tion ofpolyglutarnine lengtlr. J. Neurosci. 19,705-715.

Nakamura" K., Jeong, S,Y.. Uchihara, T.. Anno. M., Nagashirna. K..
Naga-shima, T., lkeda Si, S., Tsuji. S., Kanazawa, I., 2001. SCAl7. a

novel autosomal dominant cerebellar atalia caused by an expanded
polyglutamine in TATA-binding protein. Hunr- Mol. Cenet. 10, l44l-
1448.

Nucifora Jr., F.C., Sasaki, M., Peters. M.F., Huang. H., Cooper, J.K.,
Yantad4 M., Takahashi. H., Tsuji. S.. Troncoso, J.. Dawson, V.l-.,
Dawson, T.M., Ross, C.A., 2001. Interference by huntingtin and orro-

phin-l with cbp-mediated rranscription leading to cellular toxicity.

Science 29 l. 2423-2428.
Orr. ll.T., Chung. M.Y.. Banfi, S.. Kwiatkowski Jr., T.J.. Servadio, A.,

Beaudet. A.L., McCall, A.E.. Duvick, L.A., Ranunr, L.P.. Zoghbi.

t{.Y., 1991. Expansion of an unstable tri:nucleotide CAC repeat in

spinocerebellar ataxia type l. Nat. Genet. 4,221-226.
Perez, M.K., Paulson, H.L.. Pendse, S.J., Saionz, S.J.. Bonini, N.M.,

Pinrnan. R.N.. 1998. Recruitment and the role of nuclear localization in
pofyglutanrine-mediated aggregation. J. Cell Biol. 143, 1457-1470.

Perurz. M.F., Johnson, T., Suzuki. M., Finch, J.T., 1994. Gluumine repeats

us polar zippers: their possible role in inherited neurodegcnerative

diseases. Proc. Natl. Acad. Sci. USA 91.5355-5358.
Pulsr, S.M., Nechiporuh A.. Nechiporuk, T., Gispen, S.. Chen. X.N.,

Ltrpes-Cendes, 1.. Pearlman, S.. Starkrnan, S., Orozco-Diaz, C.,

Lunkes. A., DeJong, P.. Rouleau, C.A-. Auburger, G., Korenberg, J.R.
Figueroa. C., Sahba, S., 1996. Moderate expansion of a normally

bialletic trinucleotide repeat in spinocerebellar ataxia rype 2. Nat.

Genet. 14,269-?76.
Rees. M.1.. Fenton, I.. Williarns, N.M.. Holmans, P., Norton, N., Cardno,

A.. Asherson. P., Spurlock. G-, Roberts, E., Parfitt, E., Mant, R.,

Vallada, H., Dawson, E., Li, M.W., Collier. D.A., Powell, J.F.. Nanko,

S.. Gill, M., McGuffin. P., Owen, M.J., 1999. Aulosome search for
schizophrenia susceptibilify genes in multiply affected lamilies. Mol.

Psychiatry 4, 3-53-359.

Ross, Cl.A., 1995. When morc is less: palhogenesis of glutanrine repeat

neurodegenefative diseases. Neuron I 5. 493-496.
Rubin^vtein, D-C.. Leggo, J.. Crow, T.J.. Delisi. L.E.. Walsh, C., Jain, S.,

Paykei, E.S., 1996. Analysis of polyglutamine-coding repeats in the

TATA-binding protein in different human populations and in patienls

with schizophrenia and bipolar affective disorder. Am. J. Med. Genet.

67. 495-498.
Scherzinger, 8.. Lurz, R., Turmaine, M., Mangiarini, L., Hollenbach, B.,

Ilasenbank, R.. Bates. G.P.. Davies. S.W., Lehrach, H., Wanker.8.E.,
1997. Fluntingtin-encoded polyglutamine expansions form amyloid-

likr'protein aggregates in vitro and in vivo. Cell 90, 549-558.

Seipcl, K., Georgiev, O., Gerber, H-P.. Schaffner, W., 1994. Basal com-

ponents of the transcription appararus (RNA polymerase Il. TATA-
binding protein) contain acrivation domains: is the repetitive C-termi-
nal clomain (CTD) of RNA polymerase Il a "ponable enhancer

domain"'.' Mol. Reprod. Dev. 39, 215-225.
Shinrohara, T.. Nakajima. T.. Yamada, M., Uchida, C., Onodera, O.,

Naruse, S., Kimura. T., Koide, R,, Nozaki. K., Sano, Y., lshiguro. I{..
Sakoe. K., Ooshima, T., Sato. A., Ikeuchi. T., Oyake, M., Sato, T.,

Aoyagi. Y.. Hozumi, 1.. Nagasu, T.. Takiyama Y., Nishizawa M.,
Cioto, J.. Kanazawa, I., Davidson, 1., Tanese, N., Takahashi. H., Tsuji,
S., 2000. Expanded polyglutanrine stretch€s interact wirh TAFIil30,
interfering with CRIB-dependent transcription. Nat. Genet. 26, 29 -36.

Trouier. Y., Luta Y., Stevanin. G., Imbert, C., Derys, D., Cancel, C.,

Sriudou, F., Weber. C., David, C., Tor4 L., Agid, Y., Brice, A..

Mandel. J-L., I 995. Polygluarnine expansion as a pathological epitope

in llunrington's disease and four donrinant cerebellar ataxias. Nature

-1?r{, 403-406.
van Roon-Mom, W.M.. Reid. S.J., Jones, A.L., MacDonald, M.E., Faull,

R.L., Snell, R.C., 2002. lnsoluble TATA-binding proein accumulation

in Huntington's disease conex. Mol. Brain Res, 109. l-10.
Zhuchenko, O.. Bailey, J., Bonnen, P., Ashizawa, T., Stockton, D.W.,

Amos. C., Dobyns, W.8., Subramony, S.H.. Zoghbi, H.Y., Lee, C.C.,

1997. Autosomal dominant cerebellar ataxia (SCA6) associated with
small polygluumine expansions in the alpha lA-volhge{ependent
calcium channel. Nat. Genet. 15,62-69.

Zuhlkc. C., Hellenbroich. Y., Dalski, A.. Konono*'a, N., Hagenah, J.,

Vieregge, P., Riess, O.. Klein. C., Schwinger, 8., 2001. Different types

of repeat e,rpansion in rhe TATA-binding protein gene are associated

rvith a nerv form of inheritedauxia. Eur. J. Hum. Genet.9, 160-164.



ELSEVIER

MOTECULTR
BRAIN
RESEARCH

Molecular Brain Research 109 (2002) I l0
www.elsevier.com / locate / molbrainres

Research reporl

Insoluble TATA-binding protein accumulation in Huntington's disease

cortex

Willeke M.C. van Roon-Momu, Suzanne J. Reidb, A. Lesley Jones', Marcy E. MacDonaldd,
Richard L.M. Faullu, Russell G. Snellb'*

'Ditision o.{ Anaromy with Radiolog". Facultv of Medicine and Heulth St'ierce.s. Linircrsit.v of Aut'kland. Private Bag 92019. Aucklond, Nev' Zealand

'Di,itirrn o! Molct'ular lliedicine, Facul4'ol'Medltine antl Heolth,Sr'ier?('es. IJniversily o! Aucktand, Auckland, New Zealantl
'lnstitate of Medicul Genetics. Universit)'of W'ales College of Medicine, Canlif-l. UK

"Molec'ular Neurogenetics Unit. lvlassachusetts Gtneral Hospitol. Charlestovn, MA, US,4

Accepted 7 August 2002

Abstract

Huntington's disease is a dominantly inherited neurological disorder where specific neurodegeneration is caused by an extended
polygluramine stretclr in the huntingtin protein. Proteins with expanded polyglutamine regions have the ability to self-aggregate and

previous work in our laboratory, and by others. revealed sparse arnyloid-like deposits in the Huntingron's disease brain, supporting the

hypothesis that the polyglutarnine stretches may fold into regular B-sheet structures. This process of folding has similarities to other
neurodegenerative disorders including Alzheimer's disease. Parkinson's disease. and the prion diseases which all exhibit p-sheet protein

accumulation. We were therefore interested in testing the hypothesis that TATA-binding protein may play a role in Huntington's disease

as it contains an elongated polymorphic polyglutamine stretch that ranges in size liom 26 to 42 amino acids in normal individuals. A
proportion of TBP alleles fall within the range of glutamine lengh that causes neurodegeneration when located in the huntingtin protein.

In this study the distribution and cellular localisation of TATA-binding protein was compared to the distribution and cellular localisation
of the hrultingtin protein in the middle frontal gyrus of Huntington's disease and neurologically normal subjects. Seven different
morphological forms of TATA-binding protein-positive stnrcturcs were detected in Huntington's disease but not in control brain.
TATA-binding protein labelling was relatively nrore abundant than huntirlgtin labelling and increased with the grade of the disease. At
least a proportion of this accurnulated TBP exists as insoluble protein. This suggests that TBP may play a role in the disease process.

@ 2002 Elsevier Science B.V. All rishts reserved.

irreme.' Disorders of the nervous systern

i"cryr'r'.' Degenerative disease: other

Kelu,ords: Huntington's disease; TATA-binding protein: Huntingtin; Hunran brain: Polyglutanrine; Middle frontal gyrus

l. Introduction

Huntington's disease (HD) is one of eight dominantly
inhented neurological disorders caused by CAG repeat
expansions in different genes, resulting in an expansion of
a polyglutamine stretch in the conesponding proteins

[4,33]. The CAG tracts are polyrnorphic, there is a

threshold ofrepeat length above which the disease occurs.
and the protein products gain the ability to self-aggregate.
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All these polyglutarnine repeat containing proteins are

ubiquitously expressed in the brain, however in each

disease neurodegeneration is found in specific regions and

typified by neuronal aggegates [33]. Furthermore, age of
onset of each of these diseases is inversely correlated with
the length of the glutamine expansion; the larger the

expansion the earlier the age ofonset [a3]. The potential of
polyglutamine stretches to cause disease by a gain of
function was demonstrated by the insertion of an expanded

polyglutamine stretch in a non-pathogenic protein (HPRT)
in rnice which resulted in a progressive neurological
phenotype and was accompanied by the formation of
aggregates [26].
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The full length HD protein, huntingtin (350 kDa), is

located mainly in the cytoplasm and is found in most cell

brpes [6]. Although initially considered too large to diffi:se
into the nucleus, some studics have shown a srnall
proportion of full-length huntingtin in the nucleus of
neuronal and non-neuronal cells [3,46]. Perhaps the most
consistent observation in the disease state has been that of
truncated N-tenninal huntingtin in intranuclear aggregates
in HD brain [7,37,39]. [n vitro experirnents targeting an

N-terminal fragment of huntingtin to the nucleus by the
addition of a signal sequence suggested increased cell
mortality in comparison to the same fragnrent directed to
the cytoplasrn [31,32] but other studies have found that
they rnay indicate a protective mechanism [7,35,40]. As
well as the ability to self-aggregate, polyglutamine stret-
ches are thought to be a site for protein-protein inter-
action; the extended polyglutamine stretch in one protein
increasing the affinity of binding with other proteins

115,32,47). Recent data suggest that interactions between
expanded polyglutarrrine tracts in proteins can play an

important role in the disease process [25].
TATA-binding protein tTBP) is one potential candidate

for interaction with huntingtin because of its long poly-
glutamine stretch, ubiquitous expression. and nuclear
localisation. The length of the TBP polyglutamine stretch
in neurologically normal human subjects ranges from 26 to
42 arnino acids [34] with the average size in Caucasians
being 37. Therefore approxirnately 50o/o of individuals
have at least one allele coding for TBP containing a

polyglutamine stretch that is larger than 37 arnino acids.
Notably, this is within the range that causes Huntington's
disease in the huntingtin protein. TBP is part of a large
pronloter complex that is essential for initiating transcrip-
tion by polymerase II [9,21,38]. It binds to the TATA box,
a conserved A-T-rich sequence in the DNA, that is centred
about 25 nucleotides upstream from the start site for
transcription. Binding to this TATA box is one of the first
steps in initiating transcription [21]. It has been reported
that both TBP and huntingtin are part of the insoluble
protein fraction froru post mortem HD brains [4]. This
study did not reveal the e.\tent of the TBP distribution nor
a relationship to grade of the disease. In addition it has

been reponed that TBP also accuntulates in patients with
SCA3, another polyglutarnine disorder [27]. The recent
discovery of a glutarnine tract expansion in TBP in a

patient with a neurodegenerative disorder and several
farnilies with autosomal dominant inheritance of a

glutamine tract expansion in TBP further supported the
possibiliry that TBP could be involved in HD pathology

I r 6,24,48].
In order to investigate the role of TBP in HD neuro-

pathology, we studied the distribution of TBP in the
rniddle frontal gyrus (MFG) of HD brains. We examined
brains from HD patients with different pathological grades
and control brains frorn individuals with no history of
neurological disorder. The MFG was chosen for this study

because in our experience (and others) it gives a good

representation of pathology in HD brain [44]. The dis-
tribution and cellular localisation of TBP was compared to

the distribution and cellular localisation of the huntingtin
protein by immunohistochemistry and the presence of
insoluble TBP and huntingtin protein was determined by
filter retardation assay. The number of polyglutamine
coding repcats was established in both genes to sub-

stantiate whether the TBP polyglutamine tract was im-
portant in detennining clinical features of HD.

2. Material and methods

Hunran brain tissue rvas obtained from the New Zealand
Neurological Foundation Human Brain Bank (Division of
Anatomy with Radiology, Univenity of Auckland). The

conffol group consisted of eight neurologically normal
cases (seven rnales and one fernale) aged between 46 and

73 ycars (average age 68.3 years), with post mortem (PM)
delays of 5 to 18 h (average PM delay I 1.6 h). The group

of HD brains consisted of eight cases (four males and four
females) aged between 43 and 88 (average age 63.2 yean),
with PM delays of 4 to 19 h (average PM delay 12.3 h).

The HD tissue was obtained from patients diagnosed

rvith HD. and graded according to the five-point (0-4)
neuropathological grading scale criteria of Vonsattel and

colleagues [44]. For further details on the human brain
tissue, see Table l. All protocols used in this sfudy were
approvs-d by the University of Auckland Human Subjects

Ethics Committee.

2. l. Tissue preparation .lbr imnunohislochemical
proc'edures

For the immunohistochemical studies, brains were fixed
through the cerebral afieries with 500 ml phosphate-buf-

fercd saline (PBS) with l% sodium nitrite pH 7.4,

followed by 3 lof l5% formalin in 0.1 M phosphate buffer
pH 7.4. Following perfusion, tissue blocks from the MFG
were dissected and kept in the same fixatjve for 24 h. The

blocks were cryoprotected in 20oh sucrose in 0.1 M
phosphate buffer with 0. 1% sodium azide for 2-3 days,

and then in 30% sucrose in 0. I M phosphate buffer with
0.170 sodium azide for another 2-3 days. Sections of 50

p.rn were cut on a freezing sledge microtome and collected

in PBS with 0.1% sodium azide and stored for immuno-
histochemical processing.

2.3. Immunohistochemical procedures

In order to compare and contrast the cellular localisation

of TBP and huntingtin, immunohistochemistry for each

protein was carried out on imtnediately adjacent sections.

TBP was localised with a rabbit polyclonal TFIID antibody
(Santa Cruz Biotechnology, USA, cat. no. sc-204). For
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Table I

Human brain tissue

Case

nunrber

Diagnosis Sex Age
(years)

Post monern

delay (h)
Number of poli Q

TBP Huntingtin

HD grade Cause of
death

H98
Hl03
H l0.l
H 108

H 109

Hll0
Hlll
Hll2
HC76
HC77

HCSr
HC82

HC83

HC84
HC85

HC87

Control
Conrol
Control
Control
Control
Control
Control
Control
HD
HD
HD
HD
HD
HD
HD
HD

36/17
36r18
JOr JO

38i38
39,'4 |

-10/ -t /

36i 39

36i -18

J6/.18

38i38
29, -18

36i18
l8 i -38

37i18

38 r,r8

t7 t7?
l5/ l8
ltii25
t5n'7
t51t8
l7it7
17i20
1.1 / l5
t7 i42
l6/55
l9i4l
l5/41
?0i40
21i19
aa'a.l

2ri 50

M
M
M
M
M

M
M
M

F

M

M
F

F

M

60

70

69

58

8l
8l
46

7l
53

7l

88
r$3

ol
45

l8
5

l4
lo
I

t4
l0
8

l6

8

I6
9

3,5
l9
l8

Lung cancer

lschaenric heart disease

lschaemic heart disease

lschaemic heart disease

lschaemic hean disease

Ruprured aonic aoeurism

Ischaemic hean disease

Stomach ulcer
Pneumonia

Pneumonia

Hean failure
Pneumonia
Pneumonia

Acute renal failure
Pneumonia

Pneumonia

HD, Huntington's disease; M, male; F, fernale.

detection of huntingtin, a rabbit polyclonal antibody was
used, raised against amino acid l-17 of the N-terminal
part of the huntingtin protein [2].

Sections were processed for inununohistochemistry
using the following procedure. Sections were incubated in
0.2% Triton in PBS (PBS-Triton) at 4 oC ovemight,
transfened to lolo H,O, in 50% methanol for 20 nrin,
washed in PBS-Triton (3 x 10 min), and then incubated lbr
3 days at 4oC in primary antibody diluted in l% goat

serum in PBS with 0.2% Triton and 0.4% merthiolate.
Primary antibodies were used at a dilution of l:2000. The
sections were washed with PBS-Triton (3x10 min) and
then incubated with donkey anti-rabbit Ig biotinylated
secondary antibody (l:1000, Amersham, UK) ovemight at
room temperature. The sections were washed, incubated in
StreptAvidin-biotinylated horseradish peroxidase complex
(l:1000, Amersham, UK) for 3 h, washed again in PBS-
Triton and the antigen was visualised with 0.05% 3.3-
diaminobenzidine tehahydrochloride (DAB) and 0.01%
HrO, to produce a brown reaction product. The sections
were mounted on chrome alurn-coated slides, air dried, and
lightly counterstained with cresyl violet. Finally, the
sections were dehydrated and coverslipped.

As a control for the specificity of the immunohistoch-
emical procedure. the primary antibody was omitted fron
the incubating solution while the rest of the procedure
remained unchanged. Furthermore. sections were incubated
with the antigen prior to the immunohistochenrical pro-
cedure to block binding of primary antibody to the tissue
antigen. Finally, brain samples were run on a westem gel

to verif, that the antibodies recognised proteins ofthe right
molecular weight.

The number, localisation, and different forms of TBP
and huntinglin labelling were recorded on a camera lucida
drawing. The total surface area of the section was mea-

sured to detennine the relative density of labelled struc-
tures, and for TBP labelling to determine whether there

was any conelation between the relative density of tabel-

ling and the neuropathological grade of HD.

2.3. Polltglutamine length determinalion in TBP

To analyse the length of the polyglutamine stretch in
TBP genomic DNA was isolated from 100 mg of unfixed
frozen MFG tissue. PCR amplifications were carried out in
a total volume of 20 pl (reaction mixture: 2.5 lJ of Taq
polynerase, 200 pM dNTB 0.5 pM of primer I and

primcr 2, IXPCR buffer (15 mM KCl, l0 mM Tris, pH

8.3): l0% DMSO, 1.5 rnM MgClr, and 100 ng of DNA).
PCR conditions were 35 cycles at 94oC for I min, 62'C
for 30 s. and 72 'C for I min. Subsequently, a fluorescent
product was produced by primer extension using fluores-
ccntly labelled primer 2. The products were resolved on a

LiCor sequencer to determine their sizes.

Primer sequences:

o TBPI: 5, CTG TCT ATT TTG GAA
CAA AGG 3'

I TBP2: 5, CTG CTG GGA CGT TGA
AAC G 3', t341.

GAG CAA

CTG CTG

2.4. Polyglutamine length determination in hunlingtin

Genomic DNA was extracted fronr blood as described

previously to determine the polyglutamine lenglh in hun-

tingtin [45], PCR amplifications were carried out in a total
volume of l0 pl (reaction mixture: 0.1 pl i"aq polymerase,

200 pM dNTPs, 1 pM of primer HDI and printer HD3,
IxPCR buffer (50 mM KCl. l0 mM Tris pH 8.3), I pl
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DMSO, 1.5 mM MgClr. and 20 ng of DNA). PCR
conditions were 35 cycles at 94'C for 30 s, 65'C for 30 s,

and 72 "C for 45 s.

Primer sequences:

E HDI: 5,ATG AAG GCC TTC GAG TCC CTC AAG
TCC TTC 3' labelled with 6-FAM

r HD2: 5,GGC GGT GGC GGC TGT TGC TGC TGC
TGC TGC 3'

These products were resolved on an ABI 373,4. auto-
mated sequencer to determine their sizes.

2.5. Insoluble TBP and huntinglin protein detection

Seven of the human brain samples (six HD and one
control) were used to determine the presence of insoluble
TBP or huntingtin protein. Frozen brain samples from
MFG were homogenised in I ml buffer (150 mM sucrose,
15 mM Hepes pH 7.9,60 mM KCl, l5 rnM NaCl, 5 rnM
EDTA. I mM EGTA, containing protease inhibitors
(Complete Mini: Roche Diagnostics, N.Z. Ltd) per 0.2 g
of frozen tissue. Triton X-100 was added to a concen-
tration of LVo and homogenates sat on ice for I h prior to
centrifugation at 20 000xg for l0 rnin. Pellets were
washed three times by resuspension in 60 mM Tris and
subsequent re-centrifugation for l0 min at 20000xg.
Washed pellets were resuspended in I ml l0% SDS and
heated ovemight at 95'C, Protein concentration was
detenninsd by DC protein assay (BioRad Laboratory, CA,
USA) and 100 pg of protein was applied to 0.2 pM
cellulose acetate rnembrane (Osmonics, MN. USA) in a

total volurne of 100 pl l0% SDS using an Easy-Titer'-
ELIFA system (Pierce, IL, USA). Filters were washed in
0.2% SDS, proteins fixed to the membrane by a 20-min
incubation in 0.5% glutaraldehyde, followed by washes in
TBST. Filters were incubated with a rabbit polyclonal
TFIID antibody (Santa Cruz Biotechnology) and a rabbit
polyclonal huntingtin antibody followed by anti-rabbit
horse radish peroxidase conjugated antibody, to allow
chemilunrinescent detection (ECL Plus, Arnersham, UK)
of the SDS insoluble aggregates remaining on the filter.

3. Results

3.1. Immunohistochemical localisation of TBP and
hunlinglin

The eight control brains from cases with no history of
neurological disorders showed no positive TBP labelling.
Seven different morphological pattems of TBP labelling
were distinguished in the HD brain tissue. Figure I shows
low power photomicrographs of morphologically different
TBP-positive aggregates. The different forms of TBP

staining were rnainly observed in the grey matter of the

MFG. Staining was heterogeneously distributed throughout
the grey matter of the cerebral cortex. Regions with higher
frequencies of TBP labelling were encountered and label-

ling was always less dense in the upper two layers of the

cortex. MFG from brains of higher grade HD had a higher
relative density of TBP labetled structures than MFG from

brains of lower grade HD. The round non-nuclear aggre-

gates were the most frequent TBP-positive staining pattem

in all grades, followed by nuclear aggregates. Dark nuclei
with nuclear aggregates were more common in sections

frorn grade 3 and 4 HD than from grade I and 2. The other
fonns of TBP labelling were encountered infrequently
(Table 2).

Figure 2A-C shows the distribution and density of each

of the different TBP-positive aggregates in three different
grades of HD MFG.

3. I, l. Round aggregates

Non-nuclear spheres were the most frequently encoun-

tered pattem of TBP labelling. These spheres were typical-
ly 1.5 to 5.5 pm in size. Large rounded spheres were
generally located in close proximity to the nucleus of
neurones and glia (Figure lA). Smaller oval-shaped or
round deposits rvere located seemingly not associated with
a nucleus. The percentage ofround aggregates was high in
the tbur different grades of HD with grade I cases showing
80-ozo of total labelling being non-nuclear; grade 2: 630/o;

grade 3: 57o/o, and grade 4:72Vo.

3. 1.2. Nuclear aggregates
The nuclear aggregates were typically 1.5-5 p,m in size

with a round to oval shape and were found exclusively in

neuronal nuclei (Fig. lB). These nuclear TBP-positive
aggregates were similar in shape and size to the nuclear
aggregates previously described, detected with various
antibodies raised against the HD protein huntingtin

[ 1,39]. Usually one aggregate per nucleus was observed
and never more than two. Higher grades of HD MFG
contained a higher percentage of neurones with nuclear

aggregates with grade I cases showing 15% of total

labelling being nuclear; grade 2: l3o/o: grade 3: 32o/o, and
grade 4: 27o/o.

3.1.-1. Dark nuclear staining
This type of staining was rounded in shape and usually

around l0 pur in size. The entire nucleus showed dark
TBP-positive staining and was only found in neurones
(Fig. lC). This form of TBP labelling was encountered

infrc.quently with grade I cases showing 0.5% of total
labelling being of the dark nuclear-type: grade 2: 3Yo:

grade 3: Zoh, and grade 4:0.2Yo.

3. 1.4. Dark nuclear staining with aggregale
This form of staining showed the same characteristics as

described above but in addition these dark nuclei contained
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Table 2

Relative densiry ofTBP labelling in the rniddle frontal gyrus ol'gradc I to 4 Huniin_ston's disease brain (casel/case2)

Grade I Cradc 2 Crade 3 Grade 4

Round aggregates

Nuclear aggregate

Dark nucleus

Dark nucleus * nuclear aggregate

Diffuse cytoplasm

Starlike cytoplasmic staining
Dense body staining

72/ t30
7 t29

l/J

li4
0t3
0/0

26.|02
9rl7
:1

;r -t

5;7
5'15
011

I 48 /459
t36t207

8/ l3
l8/48
0,' 17

l/l
4/8

nt7 /2022
I 14/ t667

l/lt
? ,')o

ur i
0/r
l/2

3.1.5. Dark cytoplasmic staining
TBP staining was occasionally seen as a diffuse cyto-

plasnic staining of cell bodies with no detectable staining
of dendritic processes or nuclei (Fig. lD). This form of
staining was only observed in neurones and was in-
frequently encountered with grade I cases showing 2% of
total labelling being dark cytoplasrnic labelling; grade 2:
60/o; grade 3, 2o/o; and grade 4, 3%.

3. 1.6. Star-like cytoplasmic staining
Moderately dense diffuse staining was seen in the cell

body and proximal processes giving the cell a star-like
appcarance (Fig. lE). In grade I cases, l% of total TBP
labelling was star-like cytoplasmic labelling; in grade 2:
l0%; in grade 3: 0.29'o, and no labelling seen in the grade 4
cases.

3.1.7. Dense body staining
Very occasional dense body TBP staining was seen in

some sections of HD MFG. These darkly-stained structures
measured 8 pnr in diameter (Fig. lF). In all the examined
cases, less than 0.5% of total TBP labelling was dense
body staining.

No nuclear TBP staining could be observed in tissue used
for this study, even when the antibody concentration was
increased ftom l:2000 to l:1000 and 1:250. However.
nuclear TBP labelling was seen in temporal cortex biopsy
tissue frorn ternporal lobe epilepsy patients. Dense cyto-
plasmic staining was only encountered infrequently and
was considered one of the seven forms of TBP staining
typical for HD brains,

All immunoreactivity was abolished when the prirnary
antibody was omitted from the immunohistochemical
procedure or when the sections were blocked with the TBP
antigen prior to immunohistochemical labelling. Western
blotting experiments suggested that both TBP and huntin-
gtin antibodies recognised epitopes of the correct molecu-
lar weight and with little cross-reactivity.

There was no positive huntingtin staining in the control
brains. Consecutive MFG sections of the rwo grade 4 cases

were irnmunohistochemically labelled for TBP and huntin-
gtin to colnpare and contrast localisation of both proteins.
The total number of labelled structures encountered when
the section was stained for TBP was nearlv four times

higher than the total number of huntingtinlabelled stmc-
tures (23.76lrnm' for TBP and 6.46lmm' for huntingtin).
The number ofpositively-labelled aggregates varied for the

two grade 4 cases with HC87 showing less huntingtin-
positive aggregates than HC77 (see Table 3 and filter assay

results below).
Furthermore, no dark nuclei with aggregates, star-like,

and dense body staining were encountered when the

sections were stained for huntingtin, and only a very small

nunlber of neurones with diffuse cytoplasmic staining were

found (0.01/mmt). The distribution for both proteins was

very similar to huntingtin staining mainly in the grey

rnatler. Staining was heterogeneously distributed through-
out the cortex but was less dense in the upper two layers.

3.2. Polyglutamine length in TBP and huntingtin

The polyglutamine stretches within the TBP proteins in

the neurologically normal cases ranged from 29 to 4l
amino acids with an average length of 37 (Table 2). In the

Huntington's disease cases they ranged from 29 to 38

amino acids with an average lenglh also of 37.

The length of the polyglutamine tract within huntingtin
in the nonnal subjects ranged from 15 to 25 amino acids
(average length of l7). The length in the HD subjects

ranged from 15 to 24 amino acids for the wild-type allele
(average length of 19) and fiom 40 to 55 amino acids for
the expanded allele (average length of 4-5). The higher
grades had a higher repeat length than the lower grades.

3.3. Insoluble TBP and huntingtin protein delection

Tissue from six of the HD cases examined by immuno-
histochemistry and one control case was analysed by the

filter retardation assay as described in the Materials and

rnethods section. Both huntingtin and TBP were detected

in all six HD cases by this approach and this confirms that
both are to be found as insoluble proteins (Fig. 3). Low
detection of TBP and huntingtin could be seen in the

control sample and intennediate detection in the grade I

HD sample. Generally the amount of insoluble protein as

detected by both the huntingtin antibody and the TBP
antibody tended to increase with grade, except for one of
thc grade 4 cases, which showed a low detection level.
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Grade 3

TBP

.'1.1 .-

" '-i... i*".
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Grade 4
Huntingtin
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TBP

Fig. 2. Schematic representation of the total nurnber end differenr lorms of TATA-binding prorein and huntingtin protein irnmunohistochemical labelling tn

Huntington's disease middle frontal gyrus, (A) Grade 2 Huntington's disease rniddle frontal gyrus (HC76) showing spane TATA-binding protein labelling
in grey matter. (B) Crade 3 Huntingron's disease middle I'romal gyrus (HC84) showing intenuediate TATA-binding protein labelling in grey matter, (C)
Crade 4 Huntington's disease middle frontal gyrus (HC87) showing dense TATA-binding protein labelling in grey maner. (D) Grade 4 Huntinglon's

disease middle fronul grms (HC87) showing intermediate huntingtin protein labelling primarily in grey maner. Consecutive section to the section stained

for TATA-binding prorein from panel C (O, round aggregare; a. nuclear aggregatel f. dark nuclear staining; t, Da* nucleus with an intranuclear

aggregate; O, dark cytoplasnric staining; O, dense body sraining; r. star-like cytoplasmic $taining). Scale bar=5 nrm.
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Comparison of the relative density of TBP and huntingrin labelling irr

grade .l MFG oi Huntington's diseasc brain (HC77lHC8?)

TBP Huntingtin
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Round aggregates
Nuclear aggregate

20221llt1
lt4t t667

l26rt/33,1
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4. Discussion

Huntingtin and TBP are both ubiquitously expressed
proteins. We found up to seven morphologically different
TBP-positive structures abundantly distributed in grade I

to 4 HD grey matter with increasing density in the higher

$ades of the disease (Fig. 2).
Whilst TBP labelling detected seven distinctive forms.

huntingtin labelling was only encountered in two different
forms, nuclear and non-nuclear aggregates. both of which
have been described previously [0.] l]. Although the
Inutant huntingtin protein is expressed in the entire conex
both grey and white rnatter [ ], huntingtin-positive aggre-
gates are found mainly in grey utatter. Our results are

consistent with these findings. Likewise, TBP is expressed
ubiquitously but the majority of labelling was encountered
in grey matter. TBP-immunoreactive inclusion bodies were
found to be nrore abundant than huntingtin-positivrr" ones.

in contrast to previous results where TBP was present only
in a subset of ataxin-3 positive nuclear aggregates in
SCA3/MJD brain [28]. This could be because of variable
antibody sensitiviry or sirnply that not every TBP-positive
aggregate contains huntingtin. We did not detect staining of
the nonnal proteins in control brain sections. However,
biopsy samples that were fixed within I h of surgery did
reveal nuclear TBP staining using our methodology. This
suggests that the lack of nuclear TBP staining in the
samples used in this study was most likely due to longer
PM delays.

The filter retardation assay [4,36] indicated that the

relative amount of insoluble protein, as detected by the
TBP antibody, tended to increase with grade, with minimal
detection in the control sample. A substantial number of
control samples have been analysed in other experiments
and have revealed a sirnilar level of staining (data not
shown). Furthermore, in vitro experiments have shown that

filter retardation assays of cells transfected with TBP
containing different lengths of polyglutarnines, showed

insolublc TBP is detected in a polyglutamine length/in
vitro-aggregate formation dependent manner (paper sub-

mitted). A similar trend was seen with the huntingtin
antibody, except in one of the two grade 4 cases (HC87)
that apparently had much less insoluble huntingtin. This

correlated with the immunohistochernical results where

t'ewer huntingtin-labelled structures were seen in tlris case

courpared to the other grade 4 case (HC77). Although the

results of these assays can be variable, we clearly demon-

strated that both TBP and huntingtin are present in the

insoluble fraction in all grades of HD brain (Fig.3). This

finding supports the results of the TBP immunohisto-
chenristry indicating that these TBP-positive bodies may

contain insoluble protein. Care must be taken in the

interpretation of the filter retardation assay results. The

relative amount of protein loaded onto the filter is a

cornplex variable as it is a measurement of both solubility,
insolubility and accessibility of the epitope.

Synthetic polyglutamine proteins can form stable oligo-
mers by forming strong P-sheets. These B-slreets are held
together by hydrogen bonds that may function as a polar
zipper by joining specific transcription factors bound to

separate DNA fragments [29]. It has been shown in vitro
that aggregation is dependent on the length of the

glutamine expansion |8.301. Expanded glutamine repsats

rvithin proteins can cause them to acquire high affinities
for cach other or for other proteins with glutamine repeats.

rcsulting in B-sheet amyloid like structures [a2]. Aggre-
gated proteins have been reported in several dominantly
inhented polyglutamine disorders [33] and in transgenic

rnouse models of HD where exon-1 of the huntingtin gene

is expressed [5]. We have previously found Congo red

positive birefringent bodies in HD tissue suggesting that

thr'y have a B-sheet structure [22].
The majority of proteins that contain a polyglutamine

region are transcriptional regulators [8]. It has been

suggested that down-regulation of transcription lnay occur

thror.rgh direct interaction of an expanded polyglutamine
containing protein and transcriptionally active proteins

|9.231. In vitro results have indicated that expanded
polyglutarnine proteins can cause aberrant transcriptional

44332C

rrtlll
ttttrt

Fig.-1. Filterretardationa.ssayshowingpr€senceofinsolubleTBP(upperpanel)audhuntingtin(lowerpanel)withinHuntington'sdiseasebrain. lnsoluble
protein retained by the 0-2-pnr cellulose acente membranc was lirbelcd rvirh TBt, and huntingtin antibodies- Samples left to right are: conlrol brain Hl0'{
(c), HC8.1 (l). HC 8? (2), HC84 (3). HCss (3). HC87 (4). HC77 (4),

TBP

Hun
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regulation through interaction with cellular transcription
factors that do not contain a polyglutamine stretch [41] and
with those that do [25]. The polyglutamine region in TBP
has previously been implicated as a site for protein-protein
interaction [2] and TBP is a critical element in transcrip-
tion and may be sequestered ilom its nonnal role. Clearly,
having an expanded repeat in the TBP protein itself leads

to neurodegeneration but that cannot account for the results
observed here, The involvement of TBP in the poly-
glutarnine disorders is supported by several studies that
have shown down-regulation of transcription preceding
pathology [3,19,20]. Reducing the level of available TBP
in an individual cell could have a catastrophic effect on
cell viability and thus could be the common rnechanism in
all the polyglutamine diseases. The parallels between
polyglutamine containing protein accumulation due to
conformation change and the disease associated processes

occurring in Alzheimer's, Parkinson's and prion diseases

are strong. Whether it is soluble or insoluble protein that
causes the cell dysfunction in all these diseases remains to
be determined.
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